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It has long been recognized that allergic inflammation is the
fundamental pathological changes of allergy. Soluble aller-
gens, specific IgE (sIgE), and mast cells or basophils are three
key factors of allergy, representing causative factors, messen-
ger, and primary effector cells, respectively. Eosinophils and
neutrophils are known as secondary effector cells. In recent
years, varieties of novel allergens and molecules involved in
the allergic inflammation have been discovered, whichmakes
the current understanding of the mechanisms of allergy even
more confusing. We still have long way to go before the
clear picture of pathogenesis of allergic inflammation can be
accomplished, but our continuous and hard effort will help us
to finally reach our destination drawing a complete picture of
allergy. In this respect, this special issue will add a few new
points in the picture of allergic inflammation.

Cockroach allergy has been associated with the develop-
ment of asthma and recognized as a risk factor for emergency
room admission of asthmatic patients, especially among
inner city children living in low-income houses infested with
cockroaches [1]. In the special issue, American cockroach
allergen Per a 5 has been recognized as a minor allergen for
American cockroach. Since its secondary protein structure
is obtained and recombinant Per a 5 is generated, it will be
a useful tool for studying the role of Per a 5 in cockroach
allergy. Moreover, it is discovered that aryl hydrocarbon
receptor (AhR) expression is higher in airway fibroblasts
from asthmatic subjects, particularly when fibroblasts are
treated with cockroach extract. An AhR agonist, 2,3,7,8-
tetrachlorodibenzo-p-dioxin, can significantly enhance cock-
roach extract inducedTGF𝛽1 production in fibroblasts.These

results suggest the role of AhR in modulating cockroach
allergen induced immune responses through controlling the
active TGF𝛽1 release.

Classification of allergens in food plants and pollens
is never easy. By using sequence alignment, progressive
clustering, and comparison of 3-dimensional structures, Y.
He and colleagues classify major allergens into 21 repre-
sentative allergen groups, which are further divided into
seven structural classes, each of which contains similar
structural components. The grouping of allergens may help
to understand the cross-reactivity between allergens.

Unlike studies on eosinophils and neutrophils alone, the
interactions between these two secondary effector cells of
allergy are relatively less investigated. Since it is an essential
issue for understanding pathogenesis of allergic inflamma-
tion, it is examined by R. A. Luz and colleagues. Signif-
icant recruitment of eosinophils, neutrophils, and mono-
cytes/macrophage by eotaxin is found in BALB/c mice,
which can be abolished by eotaxin neutralization and 5-
lipoxygenase-activating protein inhibitor MK886, suggesting
that eotaxin induced recruitment of eosinophils is the initial
event, and then followed by a 5-lipoxygenase dependent
secondary neutrophil accumulation.

Inflamm-aging indicates the chronic inflammatory state
resulting from increased secretion of proinflammatory
cytokines andmediators such as IL-6 in the elderly. It is found
that IL-6 protein production in cultured stromal cells from
aged mouse spleen is significantly high compared to young
mice upon LPS stimulation, which suggests that stromal cells
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may contribute to the chronic inflammatory condition such
as allergic inflammation in the elderly.

As reviewed byP. Tripathi and colleagues, over the last few
years, a significant progress has been made in understanding
the role of a disintegrin and metalloproteinase 33 (ADAM33)
in asthma. ADAM33 may play a role in airway remodeling
because of its high expression in epithelium, myofibroblasts,
and airway smooth muscle cells and its role in promoting
angiogenesis and stimulating cell proliferation and differ-
entiation. Molecules involved in allergic inflammation also
include importins and exportins. A. Aggarwal and D. K.
Agrawal described that the classical nuclear export signals are
found on many transcription factors and molecules that are
involved in the pathogenesis of allergic diseases. In addition,
several immune modulators, including corticosteroids and
vitamin D, elicit their cellular responses by regulating the
expression and activity of importinmolecules. In their review
article, they provide also a comprehensive list of importin and
exportin molecules and their specific cargo that are shuttled
between cytoplasm and the nucleus. The review on the role
and regulation of specific importin and exportin involved
in the transport of activated transcription factors in allergic
diseases will enable us to understand further cell signaling
pathways in allergic inflammation.

Shaoheng He
Huiyun Zhang
Peisong Gao
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Over the last few years, a significant progress has been made in understanding the role of a disintegrin and metalloproteinase
33 (ADAM33) in asthma. The previous observations for the association with asthma have been replicated in over 33 different
population samples worldwide. We and others have performed association analysis and meta-analysis and provided further
evidence that several polymorphisms in the ADAM33 are risk factors for asthma, especially in the Asian population. Further,
several studies have suggested that alterations in epigenetic marks alter the patterns of DNA methylation of ADAM33 and result
in potentially adverse biological effects. Finally, while the biological activities of ADAM33 are as yet unknown, ADAM33 may
play a possible role in airway remodeling because of its high expression in epithelium, myo/fibroblasts, and airway smooth
muscle cells (ASMCs) and its role in promoting angiogenesis and stimulating cell proliferation and differentiation.Thus, ADAM33
represents a promising target for asthma. However, further investigations are clearly needed to discover functional ADAM33 gene
polymorphisms and the role of genetic/epigenetic factors in conferring genetic susceptibility to environmental exposure induced
asthma as well as biological function in asthma.This, in turn, will unlock the possibility of ADAM33 as a target for asthma therapy.

1. Introduction

Asthma is a complex inflammatory disorder of airways of
lungs resulting in airflow obstruction and bronchial hyper-
responsiveness (BHR) to a variety of stimuli and symptoms
of wheeze, cough, and breathlessness. It continues to have
a severe impact on global public health problem, affecting
an estimated 300 million people worldwide [1]. The major
obstacle in preventing and treating asthma has been our
incomplete understanding of its etiology and biological
mechanisms. Recent studies have changed our understanding
of asthma from a purely inflammatory disease to a disease
in which both inflammatory and structural components
are equally involved [2]. Asthma is often associated with
structural remodeling of the airways characterized by airway
epithelial damage, wall thickening, and subepithelial fibrosis
[2, 3]. Although environmental factors are important in the
origins and progression of asthma, it is widely recognized
that asthma has a strong genetic component and is the result

of complex interactions between genes and environment [3–
5]. In the last decade, tremendous progress has been made
in the genetic study of asthma with many genes identified
as asthma-susceptible genes. Of these, a disintegrin and
metalloproteinase 33 (ADAM33) gene is the first novel sus-
ceptibility gene for asthma and airway hyperresponsiveness
(AHR) identified by positional cloning [6] and has been
replicated in over 33 different population samples worldwide
[7]. We and others have recently performed meta-analysis
and provided further evidence that several polymorphisms
in the ADAM33 are risk factors for asthma, especially in
the Asian population. Although the biological activities of
ADAM33 remain unknown, we speculate that ADAM33
might be associated with airway remodeling because of its
high expression in airway fibroblasts, myofibroblasts, and
smooth muscle cells and its function in protecting the
airway from increased repair processes [8]. In this paper,
we reviewed the studies on ADAM33, including replica-
tion of associations and meta-analysis between ADAM33
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Figure 1: Schematic representation of the ADAM33 gene on chromosome 20. (a) Chromosome 20 showing ADAM33 gene position on 20p13.
(b) Region covered by all most common studied polymorphisms by study groups in worldwide population and covered size in Kb. (c) Exons
and size in base pairs. (d) Domain structure. (e) Functions of ADAM33 domain. @ represents positive association among Asians; # represents
positive association among Caucasians.

polymorphisms from the original studies and asthma and
related phenotypes in different populations, particularly in
the Asian populations, epigenetic mechanisms for ADAM33
in asthma, and possible biologic link to the pathogenesis of
asthma.

2. Association of ADAM33 Gene
Polymorphisms with Asthma and
Related Phenotypes

The first asthma-susceptibility locus to be identified by
positional cloning was reported by Van Eerdewegh et al.
A genomewide scan in 480 asthma sibling-pair families
from the UK and US revealed an evidence for linkage
between asthma and BHR on chromosome 20p13 (Figure 1),
where ADAM33 is located and associated with asthma [6].
ADAM33 belongs tomembers of disintegrin andmetallopro-
tease family that code for zinc-dependent metalloproteases.
It is a type I transmembrane zymogen glycoprotein. The
ADAM33 protein harbors several domains that include pro-
metalloprotease-like, disintegrin-like, cysteine-rich, epider-
mal growth factor-like, transmembrane, and cytoplasmic

domains facilitating its participation in many cellular pro-
cesses [9–12]. Its adhesion domain as well as protease domain
makes it exclusive among cell surface proteins. The auto-
catalytic removal of the prodomain is activation signal for
ADAM proteins [12]. ADAM33 is a complex molecule whose
expression is restricted largely to mesenchymal cells includ-
ing airway fibroblasts, myofibroblasts, and smooth muscle
cells [6, 13]. Figure 1 is the schematic representation of the
ADAM33 gene on chromosome 20, including the ADAM33
gene location (A), all most common studied polymorphisms
by study groups in worldwide populations (B). ADAM33
includes 22 exons size in base pairs (C) with different
genomic domains (D), which contribute to several important
biological functions of the ADAM33 gene, including cell
activation, proteolysis, adhesion, fusion, and signaling (E).

After Van Eerdewegh et al.’s study, a large number of
studies have been carried out. For instance, Howard and
colleagues assessed 8 selected ADAM33 SNPs from the
original study and provided further evidence of association
with asthma in four case-control asthma populations—
African American (AA), US Caucasian, US Hispanic, and
Dutch Caucasian [14]. While association was identified for
at least one SNP in each population, none of SNPs was
seen to be associated with asthma phenotype across all those
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studied populations. Association with asthma was also found
in family-based studies. Werner et al. analyzed 15 highly
selected ADAM33 SNPs in 171 German families and found
that SNPs F+1, ST+4, and ST+5 were associated with asthma
[15]. Several other reports demonstrated that ADAM33 poly-
morphisms have shown association with decline in FEV1 in
asthmatic adults [16] and impaired lung function at ages 3
and 5 years [17], respectively. In contrast, few studies failed
to replicate the association including a study in 583 Hispanic
(Puerto Rican and Mexican) trios [18] and a study in a large
population of North American asthma trios [19]. In Asian
populations, the associated ADAM33 SNPs were different.
Chi and his colleagues reported that SNP S2 was associated
with risk of asthma in the Chinese Han population [20].
However, in the same population, Jie et al. failed to find
association for S2 but found significant association for SNPs
F+1, T1, and T2 [21]. In a Thai population Thongngarm
et al. found that SNP S2 and ST+4 were associated with
asthma susceptibility [22]. We conducted a study in an
Indian population and assessed association for 14 ADAM33
SNPs (F+1, V4, ST+4, S2, ST+5, V2, T2, T1, BC+1, Q-1, S1,
S+1, V-3, and T+1) and found 8 SNPs (F+1, V4, ST+4, S2,
ST+5, T2, T1, and S1) in association with asthma [23–26]. In
Supplementary Table 1 (see SupplementaryMaterial available
online at http://dx.doi.org/10.1155/2014/572025), we listed a
total of 26 studies extracted from PubMed of different groups
of populations. While studies have suggested that ADAM33
gene polymorphisms are important in conferring susceptibil-
ity to asthma, the data are controversial. Moreover, the true
causative variant that determines asthma predisposition is
still unclear. Furthermore, many of these individual studies
had a relatively smaller sample size, which are statistically
underpowered. Finally, it is worth noting that environmental
exposure may modulate the genetic associations observed
in different populations (gene-environment interaction).
Indeed, Reijmerink et al. confirmed that interaction of in
utero cigarette smoke exposure with ADAM33 results in
reduced lung function and the development of BHR [27].
Similarly, we also observed enhanced association ofADAM33
SNP V4 heterozygous with reduced FEV1 among smokers
[28].

Very recently, we observed that one of asthma associ-
ated ADAM33 ST+5 was significantly associated with heavy
traffic, an indication of air pollution, in a total of 386
Indian individuals. The heavy traffic was defined based on
the distance from heavy traffic [29]. We have found that
the heavy traffic-predicted percentages for the homozygous
normal genotype (CC), the heterozygous genotype (TC), and
the homozygous mutant genotype (TT) of ST+5 SNP were
4.4, 33.3, and 62.2%, respectively. In contrast, nontraffic area
predicted percentages for CC, TC, and TT of ST+5 SNP were
13.5, 42.6, and 43.9%, respectively (OR = 1.934, 95% CI =
1.306–2.863, and 𝑃 = 0.001; Figure 2), indicating that TT
genotype may protect against heavy traffic. These findings
suggest that exposure to environmental chemicals, together
with genetic variations, may contribute to the increased risk
of asthma.
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Figure 2: Environmental exposure modulates the association for
ADAM33 ST+5 and asthma. x-axis represents ST+5 genotypes; 𝑦-
axis represents frequencies of genotype in individuals with (yes) or
without (no) exposure to heavy traffic.

3. ADAM33 Gene Polymorphisms and Risk of
Asthma: A Meta-Analysis

In the association studies, there are possibilities that some
positive results might be specious and some negative findings
might be a consequence of low statistical power. It could be
due to their smaller sample size or methodological liabilities,
such as the selection of an appropriate control group. Meta-
analysis might be a means of determining reflective results.
Conceptually, a meta-analysis uses a statistical approach to
combine the results from multiple studies [30]. It has been
widely used for genetic association analysis by combining the
results from different studies with a relatively larger sample
size. Specifically, combining samples from several studies
could make greater power than from individual studies or
might increase trends for association in small individual
studies. Further, meta-analysis might be useful to identify
the causative gene polymorphisms with consistency and to
quantify with accuracy the genetic risks. Thus, in this review,
we summarized the major meta-analyses to see whether
these ADAM33 SNPs were associated with asthma in an
increased sample size, including our meta-analysis in the
Asian population [31].

In our study, we reviewed 13 studies on 12 ADAM33
polymorphisms inAsian populations and quantitatively sum-
marized the association between ADAM33 SNPs (S1, V4,
T1, ST+4, T2, F+1, S2, Q-1, T+1, ST+5, V-3, and S+1) and
asthma using meta-analysis. A dominant (MM+ML versus
LL), recessive (MM versus ML+LL), additive (MM versus
LL), and allelic models (M versus L) were used to estimate
the association between ADAM33 gene polymorphisms and
asthma risk in a total of 6212 individuals consisting of
3,270 patients and 2,922 controls. Significant associations
were found for ST+5, S2, and T1 with odds ratios from
1.67 to 4.34 in the overall population [31] (Figure 3). The
evidence from the meta-analyses supports the notion of a
role for the SNPs ST+5, S2, and T1 in the ADAM33 gene in
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Figure 3: Forest plots frommymeta-analysis study on Asian population. (a) MM versus LL+LM, (b) MM+ML versus LL, (c) MM versus LL,
and (d) M versus L, where M is mutant allele, L is wild-type allele, LL is homozygous normal genotype, LM is heterozygous genotype, and
MM is homozygous mutant genotype. ∗Significant associations with odds ratios from 1.67 to 4.34 in the overall population under different
models.

conferring susceptibility to asthma in the Asian population.
Very recently, Liang et al. performed similar meta-analysis
to summarize the associations between ADAM33 polymor-
phisms and asthma risk for a total of 29 case-control studies
and 14 SNPs. Although they failed to find association for
ADAM33 SNPs S1, V-1, V5, S+1, S2, ST+4, ST+7, ST+5, andQ-
1, significant associations were observed for T1, V4, F+1, and
T+1 in the overall population. Interestingly, a positive result
was found for the T1, V4, F+1, and T2 polymorphisms only in
Asia but not in Europe or Latin America. This meta-analysis
provides further evidence that the T1, V4, F+1, and T2 in

the ADAM33 gene may be the major risk factors for asthma,
especially in the Asian population [32]. Another meta-
analysis performed by Song et al. included thirteen studies in
ten reports for the association between the ADAM33 SNPs
and asthma in a total of 12,875 subjects consisting of 4942
patients and 7933 controls. Song et al.’s group was limited
to selection of SNPs. This group selected only five ADAM33
SNPs, named as S2, ST+4, F+1, S1, and V4. They found
that the ADAM33 SNP S2 confers susceptibility to asthma
in Europeans and ST+4 in Asians and adults [33]. Taken
together, thesemeta-analyses suggest that the ADAM33 SNPs
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confers susceptibility to asthma. Different ethnic populations
showed the associations with different SNPs, which may be
in linkage disequilibrium with the same causal variants in
ADAM33. Further studies are required to identify functional
mutations, which may modulate the ADAM33 function and
subsequently development of asthma. Meta-analysis results
also highlight the fact that no single SNP is associated with
asthma across all the populations studied. This may be due
to the compound effects of multiple alleles, multiple genes,
and environmental factors. For example, the effect of a given
SNP could be restricted to an ethnic group or a population;
thus, there may be genetic differences among subtypes of
asthma, such as pediatric, adult, and allergic/nonallergic.
Secondly, this could be due to the difference in the exposure
to allergens, which could vary from one geographical region
to another and their interactions with the genetic factor(s)
could vary. Thirdly, the linkage disequilibrium patterns that
exist between the identified SNP and the undetected causative
defect in the gene could differ fromone population to another
[34]. Thus, through understanding the genetic factors and
their interactions with the environmental factors for each
population, this would aid in developing effective predictive
markers for the multifactorial diseases like asthma.

4. Epigenetic Mechanisms for
ADAM33 in Asthma

Several studies have suggested that the pathogenesis of
asthma may be affected by epigenetic regulation. So far,
there have been 4 studies on the ADAM33 DNAmethylation
and asthma [35–38]. Yang et al. investigated the methylation
status of CpG island within its promoter of ADAM33, and
its association with ADAM33 expression. Interestingly, they
found that the CpG site in the promoter (−362 to +80)
of ADAM33 was hypermethylated in epithelial cells but
hypomethylated in ADAM33-expressing fibroblasts [35] and
suggested that the methylation status controls ADAM33
expression in a cell-type-specific manner. Studies from the
same group reported that no changes were observed in
methylation status of the ADAM33 promoter in normal or
asthmatic fibroblasts. However, they found that transforming
growth factor-beta 2 (TGF-𝛽2) downregulates ADAM33
mRNA expression in normal and asthmatic fibroblasts by
causing chromatin condensation around the ADAM33 pro-
moter with deacetylation of histone H3, demethylation of
H3 on lysine-4, and hypermethylation of H3 on lysine-9.
Findings from this study suggested that TGF-𝛽2 suppresses
expression of ADAM33 mRNA expression by chromatin
modification, rather than by gene silencing through DNA
methylation [36].This was further supported by a very recent
study by investigating the methylation patterns of ADAM33
in adult asthma [37]. They designed a case-control study
with 50 asthmatic patients and 50 age- and sex-matched
healthy controls to examine the relationship between the
CpG methylation of the ADAM33 gene and asthma using
bisulfite deoxyribonucleic acid modification and sequencing.
A total of 14 CpG sites in exon 9 of the ADAM33 gene were
found to be highly methylated (100%) in all individuals, but

no clear difference in DNA methylation patterns between
asthmatic and controls groups was shown. The negative
observation may be due to the limited sample size and con-
founding factors like environmental exposures. Alterations
in epigenetic marks have been associated with exposures
relevant to asthma, particularly air pollution and tobacco
smoke, as well as asthma phenotypes [38]. We postulate
that exposure to environmental chemical or allergens can
alter the patterns of DNAmethylation of ADAM33, resulting
in potentially adverse biological effects such as aberrant
gene expression and ADAM33-involved airway remodeling.
Further investigations are needed to examine the epigenetic
changes of ADAM33 in a larger population with or without
the considerations of environmental factors.Thus, epigenetic
mechanisms represent a promising direction that might, in
part, explain the inheritance and immunobiology of asthma.

5. Biological Link of ADAM33 to Asthma

ADAM33 has been identified as an asthma susceptibility
gene; however, the role of ADAM33 in the pathogenesis and
progression of asthma remains to be elucidated. ADAM33
is predominantly expressed in cells of mesenchymal origin,
mainly as fibroblasts, myofibroblasts, and smooth mus-
cle cells, indicating a possible role in airway remodeling
(see Figure 4) [6, 13, 39]. Indeed, increased expression of
ADAM33 was detected in human airway from subjects with
asthma as compared to that in controls. Further, the increased
expression was correlated with asthma severity progressed
from mild to severe and with lung function as defined by
FEV1% [40, 41]. We investigated the expression of ADAM33
protein in bronchial biopsy tissues from 27 patients with
asthma and 7 nonasthmatic controls [42]. We, for the first
time, identified increased expression of ADAM33 protein
in epithelium, smooth muscle and mesenchymal cells of
asthmatic patients when compared to those nonasthmatic
controls. Given the small sample size, we failed to find a
correlation between ADAM33 expression and severity of
asthma. As ADAM33 is predominantly expressed in air-
way smooth muscle cells (ASMCs), Lin et al. investigated
whether ADAM33 protein expression is correlated with
ASMC mechanics in an ovalbumin- (OVA-) sensitized rat
model. Increased ADAM33 expression was observed in
ASMCs from the OVA-sensitized rats when compared with
the nonsensitized rats. Importantly, ADAM33 expression was
positively correlated with cell stiffness, traction force, and
expression of vinculin and Factin, suggesting that ADAM33
is a mediator of ASMC dysfunction in asthma [43]. These
increased expression of ADAM33 in epithelium in asthmatic
patients and ASMCs in allergen-induced animal models
further support the possibility that ADAM33 may play a role
in airway remodeling.

Although the mechanisms for the ADAM33 involved
remodeling are not clear, it has been suggested that ADAM33
may affect the epithelial-mesenchymal trophic unit (EMTU)
[35, 44]. Moreover, the soluble form of ADAM33 causes
rapid induction of endothelial cell differentiation in vitro
and neovascularization ex vivo and in vivo, suggesting that
ADAM33 can promote angiogenesis and lead to airway
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Figure 4: Schematic representation of possible mechanisms for ADAM33 in airway remodeling.

remodeling. TGF𝛽 is a multifunctional cytokine that plays
a critical role in cell growth, differentiation, and immune
regulation and has been considered a principal mediator
of airway remodeling [45–48]. Recent studies have demon-
strated that disruption in TGF𝛽1 signaling imposes a strong
predisposition for human allergic diseases [49]. Specifi-
cally, increased active TGF𝛽1 has been observed in airways
from asthmatic patients [50] and from experimental mice
during allergic airway inflammation [51]. Because TGF𝛽1
can promote ADAM33 ectodomain shedding and suppress
ADAM33 expression, it is possible that active TGF𝛽1 may
cause fibroblast differentiation and proliferation through
regulating ADAM33 expression and subsequently lead to
airway remodeling. As summarized in Figure 3, we postu-
late that (1) active TGF𝛽1 released from damaged/repairing
epithelium in response to repetitive allergen and environ-
mental chemical challenges may cause aberrant excessive
recruitment of mesenchymal stem cells (MSCs), leading to
accumulation of fibroblasts/myofibroblasts and progressive
fibrosis and pathological remodeling due to their capability
of differentiation into myofibroblasts [52]; ADAM33 may be
required for this process. (2) these released active TGF𝛽1
can directlymodulate ADAM33 expression and subsequently
functions; (3) allergens and environmental chemicals can
disturb airway epithelial integrity and lead to an increased
penetration of allergens and chemicals, resulting in activation
of innate immune cells (e.g., dendritic cells (DCs)) through
C-type lectin receptors (CLRs), Toll-like receptors (TLRs),
and aryl hydrocarbon receptor (AhR), which will direct cells
of the adaptive immune system toTh2 cell development with
the upregulation of ADAM33 mRNA expression [53]; and
(4) environmental factors, together with genetic or epigenetic

changes of ADAM33 (interaction between environmental
and genetic factors), may cause aberrant expression of
ADAM33 in epithelial, fibroblasts, and airway smoothmuscle
cells. It is possible that all of these may synergize, leading to
the development of airway remodeling.

6. Conclusions

In this paper, we have reviewed the studies on the replica-
tions and meta-analysis of genetic associations for ADAM33
and asthma and its related phenotypes in different pop-
ulations. While studies, including association studies and
meta-analyses, have suggested that several ADAM33 gene
polymorphisms (e.g., ST+5, S2, and T1) are important in
conferring susceptibility to asthma, the data are controversial,
and the true causative variants have not been identified yet.
Many factors may be related to the failure to identify the
true associations and causal variants, including sample size,
environmental modification (interplay between genetic and
environmental factors), population mixture, type of clinical
asthma, age of onset, and treatment history.Thus, larger scale
studies in different ethnic, but age-, sex-, and environmental
exposure-matched populations are required to continue these
studies. Further, there are few, but important, studies on
investigating the effects of on the epigenetic modulation
on ADAM33 function. Alterations in epigenetic marks have
been shown to alter the patterns of DNA methylation of
ADAM33, resulting in potentially adverse biological effects.
Thus, epigeneticmechanisms represent a promising direction
for the studies on the development of asthma. Finally, while
the biological activities of ADAM33 are as yet unknown, it
has been suggested that ADAM33 may play a possible role
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in airway remodeling because of its expression in epithelium,
myo/fibroblasts, and ASMCs and its role in promoting angio-
genesis and stimulating cell proliferation and differentiation.
It is likely that ADAM33 mediates environmental exposure
induced airway inflammation and remodeling thatmay occur
through the activation of TGF𝛽 signaling and several major
receptors (CLRs, AhR, and TLRs).Thus, ADAM33 represents
a promising target for asthma. However, further studies
are clearly needed to discover functional SNPs, the role of
genetic/epigenetic factors in conferring genetic susceptibility
environmental exposure induced asthma, and biological
function in asthma.
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Background. Aryl hydrocarbon receptor (AhR), a multifunctional regulator that senses and responds to environmental stimuli,
plays a role in normal cell development and immune regulation. Recent evidence supports a significant link between environmental
exposure andAhR in the development of allergic diseases.We sought to investigatewhetherAhRplays a role inmediating cockroach
allergen-induced allergic immune responses. Methods. AhR expression in human lung fibroblasts from asthmatic and healthy
individuals and in cockroach extract (CRE) treated human lung fibroblasts (WI-38) was examined.The role of AhR in modulating
CRE induced TGF𝛽1 production was investigated by using AhR agonist, TCDD, antagonist CH122319, and knockdown of AhR.The
role of latent TGF𝛽1 binding protein-1 (LTBP1) in mediating TCDD induced active TGF𝛽1 release was also examined. Results. AhR
expressionwas higher in airway fibroblasts fromasthmatic subjects as compared to healthy controls. AhR in fibroblastswas activated
by TCDD with an increased expression of cyp1a1 and cyp1b1. Increased AhR expression was observed in CRE-treated fibroblasts.
Importantly, CRE induced TGF𝛽1 production in fibroblasts was significantly enhanced by TCDD but inhibited by CH122319.
Reduced TGF𝛽1 production was further confirmed in fibroblasts with AhR knockdown. Moreover, AhR knockdown inhibited
CRE induced fibroblast differentiation. Furthermore, TCDD induced active TGF𝛽1 release was significantly inhibited by LTBP1
knockdown. Conclusion. These results provide evidence for the role of AhR in modulating cockroach allergen-induced immune
responses through controlling the active TGF𝛽1 release, suggesting a possible synergistic effect between exposure to allergens and
environmental chemicals on the development of allergic diseases.

1. Introduction

Asthma is the most prevalent serious chronic illness of
children in the U.S [1]. While it is generally accepted that
environmental chemicals and pollutants can contribute to the
occurrence and exacerbation of asthma [2–5], the mechanis-
tic links remain largely unknown. Specifically, environmental
chemicals and pollutants have been shown to modulate
environmental allergen-induced allergic diseases like asthma
[6–8]. AhR is a multifunctional regulator that senses and
responds to environmental stimuli and plays a role in normal
cell development and immune regulation. It is known that

dioxins anddioxin-like compounds, TCDD,PAH, andpartic-
ulate matter (PM), can activate AhR, which then translocates
to the nucleus and dimerizes with AhR nuclear translocator
(ARNT). Within the nucleus, the AhR/ARNT heterodimer
binds to xenobiotic responsive element (XRE) sequences and
leads to changes in gene transcription (e.g., cyp1a1, cyp1b1)
and a variety of toxicological effects, such as ROS generation,
cell differentiation, and inflammatory cytokine production
[9, 10]. Recent discoveries regarding AhR and environmental
toxicant interaction and its influence on immune responses
[11–14] highlight the potential link between environmental
exposure and AhR in modulating allergen-induced allergic
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diseases. One intriguing and plausible hypothesis is that
the expression of allergic and inflammatory disease could
be attributable to those new immune “adjuvant” factors,
for example, environmental chemicals, which often coexist
with allergens and contribute to progressive fibrosis and
pathological remodeling in asthma.

Indeed, recent studies have changed our understanding of
asthma from that of a purely inflammatory disease to a dis-
ease in which both inflammatory and structural components
are equally involved [15]. It has been suggested that there
is a strong link between allergen-induced allergic airway
inflammation and remodeling [16, 17]. In particular, exposure
to cockroach allergen in early life can lead to allergic airway
inflammation and an increased risk of developing asthma
[18, 19]. One of the central components of airway remodeling
is subepithelial fibrosis caused by deposition of collagen in
asthma, a process in which fibroblasts and myofibroblast are
critical. It has been shown that there is a correlation between
the number of myofibroblasts and the degree of subepithelial
fibrosis in the airway of asthmatic patients [20]. Of interest
to us, allergens can induce an increase in the number of
myofibroblasts [21], which may contribute to the progression
of subepithelial fibrosis [22]. Recruitment of fibroblasts to the
airway in asthma has been suggested to be potentiated by IL13
through a mechanism involving transforming growth factor-
beta1 (TGF-𝛽1) and MMPs [23].

TGF-𝛽1 is produced by many cells within the lung,
including fibroblasts, and plays a critical role in cell growth,
differentiation, and immune regulation, and has been con-
sidered a principal mediator of airway remodeling [24–27].
Recent studies have demonstrated that disruption in TGF𝛽1
signaling imposes a strong predisposition for human allergic
diseases [28]. Specifically, increased active TGF𝛽1 has been
observed in airways from asthmatic patients [29] and from
experimental mice during allergic airway inflammation [30]
(Gao et al. JI 2014 in revision). Furthermore, increased
TGF𝛽1 activity appears to be controlled by latent TGF𝛽-
binding protein-1 (LTBP-1) [31]. Interestingly, primarymouse
embryo fibroblasts from AhR−/−mice had increased expres-
sion of LTBP1 and higher levels of total and active TGF𝛽1
that can be partially blocked by antibodies against LTBP1
[32], suggesting that AhR may control LTBP1 expression
and subsequently activation of TGF𝛽1 signaling. Although
TGF𝛽1 signaling and the AhR pathway have been well-
studied, detailed information about the interaction between
AhR and TGF𝛽1 signaling remains largely unknown. Several
mechanisms have been suggested regarding the regulation of
AhR on TGF𝛽1 signaling, including deregulation of TGF𝛽1
secretion, suppression of TGF𝛽1, or downregulation of the
LTBP1 expression [11, 32, 33]. Furthermore, studies on ITE, an
AhR agonist, have suggested that ITE can disrupt TGF𝛽1 sig-
naling by inhibiting the nuclear translocation of Smad2/3/4
and block TGF𝛽1-induced myofibroblast differentiation and
extracellular matrix production [34]. TGF𝛽1, in turn, can
suppress the AhR mediated gene expression through dereg-
ulation of AhR expression and/or localization [35]. Thus,
studies on the cross-regulation between AhR and TGF𝛽1
signaling might be essential for better understanding of
the underlying mechanisms for the synergic effects between

environmental chemicals and allergens on the development
of allergic diseases. Specifically, we postulated that active
TGF𝛽1, released from fibroblasts or epithelium damaged by
repeated environmental exposure, induces cell differentiation
and immune regulation and is regulated by AhR.

In the present study, we have specifically focused on
the functional significance of AhR in modulating cockroach
allergen-induced immune responses through the release
of active TGF𝛽1. We found increased AhR expression in
airways of asthmatic patients. Especially, AhR expression was
increased in WI-38, a lung fibroblast cell line, after exposure
to cockroach allergen. We then demonstrated that TCDD,
an AhR agonist, can induce AhR specific downstream genes
cyp1a1 and cyp1b1 expression. Importantly, we found the
modulating effects of AhR on cockroach allergen-induced
TGF𝛽1 production and fibroblast differentiation. Finally,
we demonstrated that TCDD-induced active TGF𝛽1 was
significantly blocked by LTBP knockdown. Taken together,
we suggest that AhR plays a role in modulating cockroach
allergen-induced immune responses by controlling the active
TGF𝛽1 release, and there is a possible synergistic effect
between exposure to allergens and environmental chemicals
on the development of allergic diseases.

2. Materials and Methods

2.1. Assessment of AhR inHumanAirway. Paraffin-embedded
human airway sections (5 𝜇m) from asthmatic (𝑛 = 4) and
healthy individuals (𝑛 = 4) were used for immunofluores-
cence analysis. These human airway sections were provided
by Dr. Allen (Johns Hopkins Asthma & Allergen Center).
While it is not clear about the allergic status for those
asthmatic subjects, all healthy individuals were nonallergic
individuals. The human airway sections from three nonaller-
gic heavy smokers also included controlling for AhR expres-
sion. In brief, nonspecific binding was blocked using 10%
blocking serum in PBS for 1 hour. Sections were subsequently
incubated with anti-human polyclonal antibody against Aryl
hydrocarbon receptor (ab84833, 1 : 20, Abcam) and fibrob-
last marker antibody ER-TR7 (sc-73355, 1 : 50, Santa Cruz
Biotechnology) overnight at 4∘C. Normal rabbit IgG (Sigma-
Aldrich) and rat IgG were used as a negative control. Sections
were then incubated with Alexa Fluor 594-labeled goat anti-
rabbit and FITC-labeled rabbit anti-rat secondary antibodies
IgG at 1/100 dilutor for 2 hrs at RT. Nuclei were counter-
stained with 4,6-diamidino-2-phenylin-dole, dihydrochlo-
ride (DAPI) (Sigma-Aldrich). Sections were subsequently
dehydrated, mounted, and observed under the fluorescent
microscope. The slides were evaluated using micrographs
taken by a fluorescent microscope (Olympus BX-5). Imaging
software (iVision; Biovision) was used to analyze areas of
positive staining.

2.2. Flow Cytometry. WI-38 cells were fixed with BD
Cytofix/Cytoperm solution for 30min and then incubated
with specific first antibody or isotype control for 30min at
4∘C in the dark. Then the cells were washed and incubated
with fluorescent-conjugated second antibody. The following
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antibodies were used: anti-AhR (ab2770, Abcam) and anti-
pSmad2/3(cell signaling).The samples were then analyzed on
a FACSCalibur flow cytometer (BD Biosystems).

2.3. Immunocytochemical Analysis in WI 38 Cells. Cultured
cells were fixed with 10% formalin at room temperature
(RT) for 10 minutes and permeabilized for 5mins with PBS
containingTritonX100 andBSAbuffer (0.3%TTX, 1%bovine
serum albumin: TTX/BSA buffer). The cells were further
blocked in 10%blocking serum for 30min and then incubated
with first antibody for 1 hour at RT. After washing with PBS,
cells were incubated with fluorescent labelled secondary anti-
bodies for 30 minutes at RT. Nuclei were counterstained with
DAPI. Sections were subsequently dehydrated, mounted, and
observed under the fluorescent microscope. The following
antibodies were used: anti-AhR primary antibody (Abcam,
ab2770, 1 : 20); anti-𝛼-SMA (Abcam, ab32575); and anti-
vimentin (eBioscience).

2.4. Quantitative Real-Time RT-PCR (qRT-PCR). Total RNA
from WI38 was extracted with RNAeasy kit (Qiagen, Valen-
cia, CA). RT-PCR was performed using SYBR Green PCR
Master Mix (Applied Biosystems, USA) according to the
manufacturer’s protocol. The primers for each gene were
designed on the basis of the respective mRNA sequences so
that the targets were 100–200 bp in length. Relative mRNA
expression was calculated by normalization of all expression
levels to actinand then compared to untreated control cells by
theΔΔCTmethod as described previously [36].The following
primers were used:

Actin: F, AGAAAATCTGGCACCACACC; R, CAG-
AGGCGTACAGGGATAGC; AhR: F, GTCGTCTAAGG-
TGTCTGCTGGA; R, CGCAAACAAAGCCAACTGAGG-
TG; cyp1a1: F, GATTGAGCACTGTCAGGAGAAGC; R,
ATGAGGCTCCAGGAGATAGCAG; cyp1b1: F, GCCAC-
TATCACTGACATCTTCGG; R, CACGACCTGATCCA-
ATTCTGCC; ltbp1: F, TGAATGCCAGCACCGTCATC-
TC; R, CTGGCAAACACTCTTGTCCTCC; ltbp-2: F, CT-
GCACAGATGACAACGAGTGTC; R, AGAGTGTAGCC-
AGGGTAGCAGA; ltbp-3: F, CGGTCACTACAAGTGCA-
ACTGC; R, CTTGTTCTCGCATTTGCCATCCG; ltbp-4:
F, TTCCAGTGCAGGACCTGTCCTT; R: GAAGGAGCC-
TTCGGTGTTAGTG.

2.5. ELISA. Supernatants from cultured fibroblasts (WI38)
were collected and measured for active TGF𝛽1 by ELISA
(eBiosciences), according to the manufacturer’s instructions.
Results were read with a Bio-Rad Bio-Plex instrument (Bio-
Rad Laboratories, Hercules, CA).

2.6. Gene Knockdown by siRNA. Transcriptional knockdown
was performed by transfection with siRNA oligonucleotide
duplexes as a final concentration of 20 nM in DMEM
using DharmaFECT transfection reagent (Thermo Scientific,
Waltham, MA). A siRNA/transfection reagent complex was
formed when siRNA and transfection reagent were mixed
for 20 minutes. Then the transfection complex was added
to each experimental well and incubated in the serum free

media for 6 hours at 37∘C. The transfection medium was
replaced with complete medium and incubated at 37∘C for an
additional 24–48 hours.The gene knockdown was confirmed
by qRT-PCR and western blotting. AhR specific siRNA was
purchased fromThermo Scientific and LTBP1 specific siRNA
was purchased from Sigma.

2.7. Western Blotting. Cells were washed twice with ice cold
PBS and lysed in RIPA buffer containing protease and
phosphatase inhibitor cocktails (Sigma). Protein content was
measured with BCA reagent (Pierce). Equivalent protein
samples were subjected to SDS-PAGE electrophoresis and
then transferred to a polyvinylidene difluoride membrane
(Millipore). After blocking with 5% nonfat dry milk in
TBST, the membrane was incubated with primary anti-
AhR (Abcam), anti-LTBP1 (GeneTex), anti-𝛼-SMA (Abcam,
ab32575), anti-vimentin (eBioscience), or anti-𝛽-actin (clone
C4, Santa Cruz) antibody as a loading control for normaliza-
tion. Proteins reactive with primary Abs were visualized with
HRP-conjugated secondary Ab and ECL reagents (Amer-
sham). The levels of proteins were quantified by ImageJ
(National Institutes of Health, USA) for the densitometric
analysis of the band intensities and normalized to those of
𝛽-actin.

2.8. Statistical Analysis. Data are expressed as the means
± SEM for each group. Statistical significance for normally
distributed samples was assessed using an independent two-
tailed Student’s t-test or with analysis of variance by using
GraphPad Prism version 5.1 software (GraphPad Software,
La Jolla, CA). Differences with 𝑃 < 0.05 were considered
statistically significant.

3. Results

3.1. Increased AhR Expression in Fibroblasts from Asth-
matic Patients. To examine whether there was a differential
expression for AhR in asthmatic and healthy individuals,
we performed immunofluorescence analysis for both AhR
and fibroblast marker ER-TR7 in human airway sections.
Compared to healthy individuals (Figure 1,middle panel), the
airway sections from asthmatic patients showed significant
expression of AhR, increased fibroblasts marker ER-TR7, and
thickening of basal membranes (Figure 1, top panel). Partic-
ularly, AhR was predominantly expressed in fibroblasts and
basal membranes. Interestingly, significantly increased AhR
expressionwas also observed in airway fibroblasts fromheavy
smokers (Figure 1, bottom panel). These findings suggest
an increased AhR expression in fibroblasts from asthmatic
patients and possibly from those who are repeatedly exposed
to smoking.

3.2. Increased AhR Expression in CRE-Treated Human Lung
Fibroblasts. To delineate the role of AhR in the regula-
tion of fibroblast’s function and its mechanisms, we used
human lung fibroblast cell line as an in vitro model. To
validate AhR expression in fibroblasts, we detected AhR
expression in WI-38, a human lung fibroblast cell line, by
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Figure 1: AhR expression in human airway. Immunofluorescence analysis of AhR expression in the airway, particularly fibroblasts from
asthmatics (top), healthy individuals (middle), and heavy smokers (bottom), for antibodies against AhR (red) and fibroblasts marker (ER-
TR-7, green). Figure 1 represents 4 individuals from each group.

flow cytometry and western blot (data not shown). We
found that AhR was constitutively expressed in fibroblasts
(Figure 2(a)). We next examined whether AhR is functional;
we treated fibroblasts using different doses of TCDD known
AhR ligands (0.1 nM and 1 nM) for 2 to 48 hours; expression
of AhR downstream genes cyp1a1 (Figure 2(b)) and cyp1b1
(Figure 2(c)) was examined by RT-PCR. Compared to those
untreated fibroblasts, an increased expression was noted in
TCDD treated fibroblasts for cyp1a1 in a dose- and time-
dependent manner. There was nearly a 2-fold increase in
cyp1a1 expression after treatment with 1.0 nM TCDD for
48 hours. Similarly, an 18.5-fold increase was observed for
cyp1b1 when 1.0 nM TCDD was used to treat fibroblasts
for 48 hours, suggesting that TCDD can activate the AhR
pathway in fibroblasts. Furthermore, to investigate whether
CRE can induce AhR expression, we treated fibroblasts with
50𝜇g/mL CRE for 2–48 hours and AhR expression was
examined byRT-PCR.An increasedAhR expressionwas seen
with a peak level at 4 hours for a 5.7-fold increase when
compared with untreated cells (Figure 2(d)). Increased AhR
expression in a dose-dependentmannerwas further observed
by immunofluorescence analysis (Figure 2(e)), suggesting
that cockroach allergen can induce AhR expression which

may be critical in modulating allergen-induced immune
responses.

3.3. AhRModulates CRE InducedTGF𝛽1 Production in Fibrob-
lasts. To investigate whether AhR can modulate cockroach
allergen-induced TGF𝛽1 production that may control cell
differentiation and immune regulation, we treated fibroblasts
with CRE (50𝜇g/mL) in the presence or absence of AhR
agonist TCDD or antagonist CH122319 and detected the
levels of active TGF𝛽1 in supernatants of cultured and
treated fibroblasts. We found that TCDD induced a sig-
nificant release of active TGF𝛽1 by fibroblasts that were
treated with TCDD at various doses (1.0, 10 nM) and times
(24, 48 hours, Figure 3(a)). Both cockroach allergen and
TCDD as an individual induced increased levels of active
TGF𝛽1 by fibroblasts. Interestingly, the increased TGF𝛽1
was further enhanced when both of them were combined
(Figure 3(b)). In contrast, AhR antagonist CH122319 inhib-
ited CRE+TCDD induced TGF𝛽1 production (Figure 3(b)).
Cockroach allergen-induced active TGF𝛽1 release and the
inhibition of CH122319 were further confirmed by using
natural purified cockroach allergen, Bla g2 (Figure 3(c)).
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Figure 2: AhR expression in CRE-treated human lung fibroblasts. (a) AhR expression in WI-38 was detected using antibody against AhR
(red line) and IgG2 (blue line) by flow cytometry. (b-c) Fibroblasts were treated with different doses of TCDD (0.1 nM and 1 nM) for 2 to 48
hours; expressions of cyp1a1 (b) and cyp1b1 (c) were examined by RT-PCR. (d) Fibroblasts were treated with 50𝜇g/mL CRE for 2–48 hours
and AhR expression was examined by RT-PCR. (e) Immunofluorescence analysis of AhR expression in CRE-treated fibroblasts at various
doses (0–100 𝜇g/mL). Bars represent mean ± SEM of 3 independent experiments.

These findings suggest that AhR can modulate cockroach
allergen-induced TGF𝛽1 production.

3.4. Reduced Levels of Active TGF𝛽1 in Fibroblasts with
AhR Knockdown. To further examine the modulation of
AhR on cockroach allergen-induced TGF𝛽1 production, we

knocked down AhR in fibroblasts using siRNAs. The AhR
knockdown was validated by RT-PCR (Figure 4(a)), which
showed at least 60% knockdown for si-RNA-2, and by
western blotting (Figure 4(b)). AhR expression in Figure 4(b)
was further quantified by ImageJ for the densitometric
analysis of the band intensities and normalized to those
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Figure 3: AhR modulates cockroach allergen-induced TGF𝛽1 production. (a) TCDD can induce TGF𝛽1 secretion by fibroblasts and (b)
cockroach allergen-induced TGF𝛽1 secretion by fibroblasts can be further enhanced by TCDD but inhibited by AhR antagonist CH122319
(c). (c) Cockroach allergen-induced TGF𝛽1 production and the inhibitory role of CH122319 were further confirmed when Bla g2 was used.
Bars represent mean ± SEM of 3 independent experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01.

of 𝛽-actin and then compared to scramble si-RNA treated
group (Figure 4(c)). There was at least 70% knockdown for
si-RNA-2. We next used fibroblasts with AhR knocked down
by si-AhR-2 to detect TGF𝛽1 expression at the RNA levels
by RT-PCR (Figure 4(d)) and active TGF𝛽1 secretion by
ELISA (Figure 4(e)). We found that TGF𝛽1 expression at
the RNA level or in secretion was significantly reduced for
fibroblasts with AhR knockdown. To examine whether AhR
knockdown can affect the activation of TGF𝛽 signaling, we
treated those fibroblasts with or without AhR knockdown
with 5 ng/mLTGF𝛽1 andmeasured phosphorylated Smad2/3
(p-Smad2/3) at various times by flow cytometry (Figure 4(f)).
We noted an increased activation of Smad2/3 at 15min for
all these treated cells but we noted a decline at 30mins
and 120mins. Interestingly, fibroblasts with AhR knockdown
showed remarkable reduction in the levels of p-Smad2/3 at

120mins as compared to the control cells. These data suggest
that there may be a crosstalk between AhR pathway and
TGF𝛽1 pathway.

3.5. AhR Modulates CRE Induced Fibroblast Differentiation.
To examine whether AhR controls fibroblast differentiation
induced by CRE, we cultured fibroblasts with and without
AhR knockdown and treatedwithCRE (50 𝜇g/mL) for 24 and
72 hours. Differentiation of fibroblasts was evaluated by the
expression of 𝛼-SMAwith DAPI for nuclei immune-staining.
While no clear change was noted in the 𝛼-SMA expression
for fibroblasts with and without AhR knockdown at basal
levels and 24 hours, an increased expression was seen when
treated with CRE for 72 hours for fibroblasts without AhR
knockdown. The 𝛼-SMA positive staining in fibroblasts was
quantified and analyzed by Imaging software (Figure 5(b)).
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Figure 4: TGF𝛽1 production was reduced in fibroblasts with AhR knockdown by siRNA. (a–c) AhR knockdown by siRNAs was confirmed
by RT-PCR (a) and western blotting (b). (c) AhR expression in (b) was quantified by ImageJ and normalized to those of 𝛽-actin and then
compared to scramble si-RNA treated group. (d) TGF𝛽1 expression in fibroblasts treated with scrambled siRNA and si-AhR. (e) Levels of
secreted TGF𝛽1 stimulated with CRE by fibroblasts treated with scramble si-RNA and si-AhR. (f) WI38 cells were stimulated with 5 ng/mL
TGF𝛽1 for indicated time after AhR knockdown for 48 h; p-Smad2/3 was detected with flow cytometry. Bars represent mean ± SEM of 3
independent experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01.
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Figure 5: AhR controls fibroblast differentiation induced by CRE. (a) Differentiation of fibroblasts with and without AhR knockdown was
evaluated by the expression of 𝛼-SMA with DAPI for nuclei immune-staining after cells were treated with CRE (50 𝜇g/mL) for 24 and 72
hours. (b) Positive staining for 𝛼-SMA was analyzed by Imaging software (iVision; Biovision). (c) 𝛼-SMA expression was detected by RT-
PCR in fibroblasts with or without AhR knockdown. Bars represent mean ± SEM of 3 independent experiments, ∗∗𝑃 < 0.01. (d) Vimentin
was detected by immune-staining after cells were treated with CRE (50𝜇g/mL) for 72 hours. (e) Both 𝛼-SMA and vimentin expression were
detected by western blots after WI38 cells were treated with 50𝜇g/mL CRE for 72 h.

A significantly greater expression of 𝛼-SMA was observed
for fibroblasts with CRE treatment. Finally, reduced 𝛼-
SMA expression was detected by RT-PCR in fibroblasts
with AhR knockdown as compared to those without gene
knockdown (Figure 5(c)), suggesting that AhR may control
cockroach allergen-induced differentiation. CRE induced
fibroblast differentiation was further confirmed by immune-
staining (Figure 5(d)) and western blots (Figure 5(e)) with
another myofibroblast marker, vimentin.

3.6. Increased LTBP1 Expression in TCDD Treated Fibroblasts.
TGF𝛽1 activity has been shown to be controlled by LTBP-
1 [31]. Furthermore, it has been suggested that AhR may

control LTBP1 expression, and subsequently activation of
TGF𝛽1 signaling [32]. To investigate whether the AhR ligand
can activate LTBP1 thatmay control TGF𝛽1 release, we treated
fibroblasts using different doses of TCDD (0.1 nM and 10 nM)
for different times (2 to 48 hours), and expression of LTBP1
to 4 at the RNA levels was measured by RT-PCR. Of these,
increased LTBP1 was observed after treatment with TCDD
(Figure 6(a)). The peak level was at 4 h for 0.1 nM and 24 h
for 1 nM TCDD, respectively. Reduced expression of LTBP-
2 was detected (Figure 6(b)), while no significant changes
of LTBP-3 and 4 were detected (data not shown). To see
the importance of increased LTBP-1 in AhR modulating
active TGF𝛽1 release, we pretreated fibroblasts with LTBP-1
specific siRNA. We found that TCDD induced active TGF𝛽1
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Figure 6: AhR controls LTBP-1 expression in fibroblasts. (a-b) Fibroblasts were treated with TCDD at 0.1 nM and 1 nM for 2 to 48 hours;
expression of LTBP1 (a) and LTBP-2 (b) was detected by RT-PCR. Each point represents mean ± SEM of at least 3 independent experiments.
(c) WI38 cells were treated with LTBP1 siRNA, scramble RNA, or medium control for 24 h and then treated with 50𝜇g/mL CRE for 24 h;
active form TGF𝛽1 in the supernatant was detect with ELISA.

was significantly inhibited when LTBP-1 was knockdown
(Figure 6(c)), suggesting that LTBP-1 may be critical in AhR
controlling the release of active TGF𝛽1.

4. Discussion

In the present study, we investigated the functional signif-
icance of AhR in modulating cockroach allergen-induced
immune responses by controlling the release of active TGF𝛽1.
We found an increased AhR expression in the airways of
asthmatic patients, mainly in airway epithelium and fibrob-
lasts. While it is recognized that dioxins and dioxin-like
compounds, TCDD, PAH, andPM, can activateAhR and lead
to ROS generation, cell differentiation, and inflammatory
cytokine production, we, for the first time, found that AhR
ligands could enhance cockroach allergen-induced active
TGF𝛽1 production. The findings may suggest a possible
biological link between environmental exposure and AhR

in modulating allergen-induced allergic diseases. Because of
the increased expression of AhR in epithelium, and pre-
dominantly in fibroblasts of the thickening basal membrane
from asthmatic patients, it is possible that AhR as a sensor
for environmental chemicals and allergens contributes to
progressive fibrosis and pathological remodeling in asthma.

TGF𝛽1 has been shown to be critical in cell growth,
differentiation, and immune regulation, and a principal
mediator of airway remodeling [24–27]. Our recent stud-
ies have observed an increased active TGF𝛽1 in airways
from cockroach allergen-induced mouse models (Gao et al.,
submitted 2013). In this study, we found that cockroach
allergen can induce an increased production of active TGF𝛽1
in fibroblasts. It is known that TGF𝛽1 and AhR signaling
pathways can crossregulate each other in a cell-specific
manner [37]. We found that TCDD as an AhR agonist
can enhance cockroach allergen-induced TGF𝛽1 production,
but CH122319 as an antagonist can inhibit allergen-induced
TGF𝛽1 secretion. TCDD that we used in this study has
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Figure 7: Proposed model of the role of AhR in modulating environmental chemicals and allergens induced activation of TGF𝛽1 signaling
(modified from an article by Denison and Nagy 2003) [38].

been considered as the most potent AhR ligand known and
has been shown to be only slightly metabolized and to be
relatively slowly excreted [38, 39]. The role of AhR in regu-
lating cockroach allergen-induced TGF𝛽1 release was further
confirmed by using Bla g2, a purified cockroach allergen
with undetectable endotoxin levels, and by using a human
fibroblast cell line (WI38) with or without AhR knockdown.
Particularly, the fibroblasts with AhR knockdown showed
reduction of the levels of active TGF𝛽1 as compared to the
control cells. Furthermore, those cells with AhR knockdown
showed remarkable reduction in the levels of p-Smad2/3.
These findings suggest that AhR may be a positive regulator
of cockroach allergen-induced TGF𝛽1 signaling in human
fibroblasts. Our findings seem to be contradictory to several
previous studies suggesting a negative role of AhR in the
initiation of food allergic responses [40, 41], regulation of
TGF𝛽1 secretion, and LTBP1 expression [11, 32, 42]. For
instance, ITE, an AhR agonist, has been demonstrated to dis-
rupt TGF𝛽1 signaling by inhibiting the nuclear translocation
of Smad2/3/4 and to block TGF𝛽1-induced myofibroblast
differentiation and extracellular matrix production [34]. In
contrast, some other studies suggest that constitutive AhR
activity positively controls TGF𝛽1, TGF𝛽2, and LTBP-1 in
malignant glioma cells [43].Thus, we postulate that theremay

be significant complexity of the regulatory mechanisms of
AhR on TGF𝛽1 signaling with coregulation of multiple other
pathways.

A significant correlation has been observed between the
number of myofibroblasts and the degree of subepithelial
fibrosis in the airway of asthmatic patients [20], and fibrob-
lasts have been recognized as major players by differentia-
tion into myofibroblasts that may control the development
subepithelial fibrosis in asthma. Further, TGF-𝛽1 has been
suggested to recruit fibroblasts to the airway in asthma [23].
We thus investigated whether AhR controls fibroblast dif-
ferentiation after exposure to cockroach allergen. We found
that, while there was no clear change in 𝛼-SMA expression (a
marker for myofibroblasts) for fibroblasts with and without
AhR knockdown at basal levels and at 24 hours, inhibited
differentiation of fibroblasts was observed in AhR knocked-
down fibroblasts with CRE treatment for 72 hours. This was
further confirmedby showing a reduced𝛼-SMAexpression at
the transcriptional level. Interestingly, a significant reduction
in fibroblast proliferation was also noted at 72 hours (data not
shown). Thus, we, for the first time, illustrate that AhR may
control cockroach allergen-induced fibroblast differentiation
that is critical in controlling subepithelial fibrosis and airway
remodelling.
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To explore the possible underlying mechanisms of AhR
modulating allergen-induced TGF𝛽1 signaling, we investi-
gated LTBP1, which has been shown to be critical in con-
trolling TGF𝛽1 activity [31]. AhR has been shown to regulate
Ltbp-1 transcription by a mechanism involving recruitment
of coactivators such as CREB1 and corepressors such as
HDAC2 to the Ltbp-1 promoter [44]. We thus hypothesized
that AhR may regulate LTBP-1 transcription, control gene
expression, and subsequently activate TGF𝛽1 signaling [32].
Indeed, an increased LTBP1 was observed after treatment
with TCDD with the peak levels of expression at early time
points (4 h). In contrast, LTBP-2 expression was reduced,
and LTBP-3 and 4 remained unchanged after treatment with
TCDD (data not shown). Most importantly, AhRmodulating
active TGF𝛽1 release was significantly blocked when LTBP-1
was knocked down.The findings support our initial hypothe-
sis that LTBP-1 is critical in controlling AhRmediated TGF𝛽1
secretion. Although the mechanism is not clear regarding the
regulation of active TGF𝛽1 by LTBP-1, studies have suggested
that LTBP-1 contributes to TGF-beta1 activation, possibly
through a process involving extracellular protease activities
[31]. However, our findings in human fibroblasts showed that
activation of AhR pathway can increase LTBP-1 expression,
but in contrast, studies on the primary mouse embryo
fibroblasts from AhR−/− mice also showed an increased
expression of LTBP1 and higher levels of active TGF𝛽1 [32].
So far, the reasons for the discrepancies between studies
from human and mouse fibroblasts with or without AhR
knockdown are largely unknown, a subject which would be
of interest to pursue in the future.

Taken together, this study provides evidence for the
contribution of AhR to the mechanism regulating cock-
roach allergen-induced activation of TGF𝛽1. In particular,
studies on the interplay between AhR and TGF𝛽1 pathways
may better help us understand the potential mechanisms
regarding the environmental chemical exposure modulating
allergen-induced immune responses. As shown in Figure 7,
we propose a model of the role of AhR in modulating
environmental chemicals and allergen-induced activation
of TGF𝛽1 signaling (partially modified based on the arti-
cle by Starsichova et al. 2012) [35]. Briefly, epithelial cells
damaged by repeated exposure to environmental chemicals
and allergens can release active TGF𝛽1, which is largely
controlled by LTBP-1. On the other hand, environmental
chemicals bind AhR, leading to its activation, which plays
a role in the control of LTBP-1 transcription, activation
of TGF𝛽1 signaling, and subsequently the control of cell
proliferation, differentiation, and airway remodeling. These
studies provide an important basis for a further detailed
investigation of the interaction between AhR and TGF𝛽1
signaling in environmental chemicals and allergens induced
inflammation and repair/remodeling in asthma.
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Vast amounts of allergen sequence data have been accumulated, thus complicating the identification of specific allergenic proteins
when performing diagnostic allergy tests and immunotherapy. This study aims to rank the importance/potency of the allergens so
as to logically reduce the number of allergens and/or allergenic sources. Meta-analysis of 62 allergenic sources used for intradermal
testing on 3,335 allergic patients demonstrated that in southern China, mite, sesame, spiny amaranth, Pseudomonas aeruginosa,
and house dust account for 88.0% to 100% of the observed positive reactions to the 62 types of allergenic sources tested. The
Kolmogorov-Smironov Test results of the website-obtained allergen data and allergen family featured peptides suggested that
allergen research in laboratories worldwide has been conducted in parallel on many of the same species. The major allergens were
reduced to 21 representative allergens, which were further divided into seven structural classes, each of which contains similar
structural components. This study therefore has condensed numerous allergenic sources and major allergens into fewer major
representative ones, thus allowing for the use of a smaller number of allergens when conducting comprehensive allergen testing
and immunotherapy treatments.

1. Introduction

Over the years, vast amounts of data regarding worldwide
allergy diagnosis and treatment have been accumulated.
More recently, allergen researchers have probed this data
resulting in the complete cDNA sequencing of a large
number of allergens, as well as the determination of their
three-dimensional (3D) structure in some cases. However,
systematic evaluation of the importance and/or potency of
the allergens or their sources has not been investigated thus
complicating the identification of specific allergenic proteins
when performing diagnostic allergy tests. On the other hand,
many patients react to a large number of proteins, and allergic
cross-reactivity has been described on many levels [1]. The
relatedness of pollen and plant food allergens was recently

described based on sequence and/or structure similarity [2,
3], and many kinds of allergens were able to be classified
into just a few protein families with a restricted number of
biochemical functions [4].

Our previous results showed that 478 allergens retrieved
online could be clustered into eight groups, regardless of their
biological source [5]. It would be a desirable goal if extensive
research on a large number of allergens could be transformed
into intensive research on just a fewmajor allergens, hereafter
referred to as “representative allergens.” Major allergens are
proteins that substantially bind to IgE from more than 50
percent of the patients with that specific allergy [6]. Major
allergens have therefore been employed as internal standards
in order to standardize allergen vaccines [7]. A detailed
characterization of the importance of major allergens and
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their biological sources would allow for the improvement
of allergen standardization and thus help to obtain more
effective and safer modalities for the diagnosis and therapy
of many allergic diseases.

In the present study, we reviewed our clinical intradermal
test (IDT) data from 2001 to 2003 on 62 kinds of allergenic
sources and compared the amino acid sequences and 3D
structures of the major allergens obtained from different
biological sources, with the goal of logically reducing these
allergenic sources to a few species, as well as progressively
clustering the 280 major allergens obtained from the ExPASy
Proteomics Server (June 20, 2012) into several of the most
representative major allergens. The results obtained could
therefore facilitate more consistent and straightforward aller-
gen research.

2. Methods

2.1. Allergic Patients and IDT. Over the past 32 years, we
have intradermally tested (IDT) more than 90,000 patients
referred to our allergy clinic. The IDT results of 62 allergen
extracts on 3,335 patients in a three-year period (2001–2003)
are shown in Figure 1 (children less than three years old were
excluded). In our department, IDT has always been exhibited
to be effective and safe and was reported to be diagnostically
better than the skin prick test [8]. Nevertheless, informed
consent for testing was obtained from all patients or their
guardians, and the current study was approved by the Ethics
Committee of the Second Affiliated Hospital of Guangzhou
Medical University.

All allergens extracts were prepared in a sterile environ-
ment followed by toxicity and potency evaluation according
to an in-house standard protocol as described [9]. After
filtration to sterilize, protein levels were quantitated by the
Kjeldahl Method [10]. The allergenicity of the extracts was
further tested by mice assay to keep the consistency of
different batches, followed by the adjustment of stock solution
to the standard concentration. All extracts were aliquoted
into 10mL portions at a concentration of 1 : 10 or 1 : 100 and
then stored at 4∘C until just prior to use.

On the day of the test, the allergen extracts were brought
to room temperature and diluted immediately in the solvent
(Hengda Pharmacy Co. Ltd, Shanxi, China). Each patient
received IDT using the same batch of allergen extracts. IDT
was performed as follows: 10–20𝜇L of each allergen dilution
was intradermally injected into each patient with 24–30
allergens tested at a time. Injected allergens were arranged
vertically on the upper arm(s) with an interval of 2.5–3.0 cm.
A positive control (histamine dihydrochloride, 10mg/mL)
and a negative control (solvent) were also included, and
there was no duplicate testing. After 15min, the size of the
wheal was determined by measuring the diameter in two
perpendicular directions and then halving the sum. Since
bacterial proteins always exhibit a late phase reaction, those
results were measured after 24 hrs.The reaction was regarded
as positive if the calculated wheal diameter was more than
5mm.

2.2. Relationship of the Allergenic Sources. To assess whether
the distribution of positive reactions to each allergenic source
reflects a correlation between different allergenic sources, the
number of patients with positive IDT reactions to each aller-
genic source was counted. Patients showing multiple positive
reactions to different allergenic sources were counted once
for each individual allergenic source they reacted to. All the
allergenic sources were ranked according to patient counts,
since there may be cosensitization to different allergenic
sources.

2.3. Overall Distribution of the Allergens Worldwide. The
nonredundant allergen data were extracted from the
IUIS allergen list (June 20, 2012) available at the website
http://www.allergen.org/. The overall research status of
allergens worldwide was analyzed as follows: the number of
allergenic species and the related allergen numbers within
each taxonomic category were recorded. The consistency of
the two distributions thereof was investigated byKolmogorov-
Smirnov test, which measures the maximum difference
between two cumulative distribution functions and calculates
the probability that the two observed distributions would
exhibit a difference at least that large if the samples were
drawn from identical populations [11]. The parameters
tested are as follows: 𝐷

𝑛,𝑛1∼𝑛2
= Maximum (𝑆

𝑛1
|𝑥| − 𝑆

𝑛2
|𝑥|),

𝐷
𝑛,0.01
= 1.63/√𝑛, 𝐷

𝑛,0.05
= 1.36/√𝑛, 𝐷

𝑛,0.10
= 1.23/√𝑛,

𝑛 = 𝑛
1
∗ 𝑛
2
/(𝑛
1
+ 𝑛
2
), where 𝑛

1
and 𝑛

2
denote the number

of allergenic species and the number of allergenic proteins
within each taxonomic category, respectively.

2.4. Clustering of Major Allergens by Amino Acid Sequences.
Another set of data related to the amino acid sequences of
major allergens was retrieved on June 20, 2012, by search-
ing UniProtKB/Swiss-Prot (http://www.expasy.org/) using
the keyword “major allergen” and was selected from the
IUIS allergen list (http://www.allergen.org/) by IgE-binding
potency. The phylogenetic relationship among the major
allergens was inferred by the free package Clustal W 1.83
[12] and MEGA5.0 [13] using the alignments of the amino
acid sequences. In the output tree, each single, line-linked,
large, and dense group of allergens was taken as one cluster
or subcluster. The uppermost allergen sequence in each large
and dense cluster in the output tree was retained and taken
as the core sequence, with other sequences eliminated. Pro-
gressive clustering was repeated by manual iterative selection
and alignment of the core sequences. The alignment cycle
was stopped when any two allergens were no longer able to
be clustered into one subcluster. These allergens are hereafter
referred to as “major representative allergens.”

The same clustering procedure above mentioned was
applied on the corresponding allergens in which Allergen
Family Featured Peptides (AFFPs) are located. AFFPs are
allergen-specific peptides panned from nonredundant aller-
gens and harbor perfect information with noise fragments
eliminated because of their similarity with nonallergens.
534 AFFPs can correctly discriminate 2290 allergens at
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Figure 1: Continued.
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Figure 1: IDT results of 62 allergenic sources on 3,335 patients. The allergenic sources were grouped into 4 panels: (a) pollen; (b) contactant;
(c) microbes; (d) food. The top 5 most potent allergenic sources were compared to all other allergenic sources and displayed on each panel.
“A&B hair” in (b) denotes mix of animal fur and bird feather. The same bar color represents cosensitization among different allergenic
sources. And the length of different color bars indicates the proportion of positively sensitized subjects. The different color at the very top of
each bar represents the specific positives of each allergenic source.The rightmost curve denotes the total proportion in each allergenic source
of the positive cases cosensitized to the top five allergenic sources. Spring pollen is produced by Acacia confusaMerr., pine tree, cedar, paper
mulberry (Broussonetia papyrifera), waxberry (Morella rubra), Chinese Mulberry (Morus australis Poir.), and Chinese fan palm (Livistona
chinensis R.). Summer pollen originates frommaize, Australian pine (Casuarina equisetifolia), Chinaberry (Melia azedarach), and Eucalyptus
camaldulensis Dehnh. Autumn pollen comes from Mallotus apelta, Humulus scandens, mugwort (Artemisia vulgaris), Vitex negundo, and
Dioscorea benthamii. Winter pollen is from cajeput (Melaleuca leucadendra L.) and Bauhinia blakeana Dunn.

the highest sensitivity and specificity and make the under-
lying software SORTALLER outperform other methods at
present [14], which demonstrates that 534 AFFPs have a
powerful representativeness.

2.5. Comparison of the 3D Structures of the Major Repre-
sentative Allergens. To compare the three-dimensional (3D)
structures of the major representative allergens, the 3D
structure of each major representative allergen was mod-
eled in SWISS-MODEL workspace, a web-based integrated
service dedicated to protein structure homology modeling
and assessment that can be accessible via the ExPASy Bioin-
formatics Resource Portal [15]. The modeling results were
viewed in SWISS-PdbViewer v3.7, an integrated sequence-
to-structure workbench [16], followed by adjusting the pre-
senting orientation to facilitate the comparison of the 3D
structures of the different major representative allergens.

3. Results

3.1. Distribution of Positive Reactions to Allergenic Sources
in Southern China. Intradermal tests using 62 allergenic
sources were performed on 3,335 allergic patients. 3,084
of these patients reacted to at least one of the allergenic
sources, with the positive frequency being 89.8%. All the
allergenic sources usedwere aligned according to the number
of patients with positive reactions. For convenience, the 62
allergenic sources were divided into four general groups, that
is, contact allergens, food allergens, pollen allergens, and
microbial allergens. The top seven most potent allergenic
sources across all groups were then analyzed as to the
frequency of their positive reactions when compared to the
positive reactions seen with the specific allergens in any
particular group. As shown in Figure 1, different allergenic
sources show different degrees of positive reactions. Mites
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Figure 2: The consistency of two distributions: allergen related
species distribution (◼) and the distribution of the number of
allergenic proteins within each species (). The allergens data were
downloaded from the IUIS website (http://www.allergen.org/) on
June 20, 2012. Estimated parameter for Kolmogorov-Smirnov test
is 0.06642, less than the threshold values (𝐷

𝑛,0.01
= 0.1212, 𝐷

𝑛,0.05

= 0.1011), thus statistically validating the consistency of the two
distributions.

(Dermatophagoides pteronyssinus and D. farinae) were the
number one allergenic source, resulting in more than 70% of
the positive reactions among all the four groups. Reaction to
sesame (Sesamum indicum L.) ranked second with 49.3% of
the positive reactions. Spiny amaranth (Amaranthus spinosus
L.), Pseudomonas aeruginosa, and house dust were next
with 49.2%, 48.3%, and 44.2% of the positive reactions,
respectively. In total, these five allergenic sources express
88.0% to 100% of the positive reactions when compared
with microbial allergens, 90.6% to 100% when compared
with food allergens, 96.3% to 100% when compared with
contact allergens, and 99% to 100% when compared with
pollen allergens. That is to say, these five allergenic sources
are the most potent and show the most reactivity among the
patients we tested; hence we have designated them as the
major representative allergenic sources.

3.2. Species Distribution of Allergens Studied Worldwide. At
the date of data retrieval for this study (June 20, 2012), 727
nonredundant allergens were listed in the allergen website
(http://www.allergen.org/), relating nine categories and 241
species altogether (Figure 2). In terms of categories, foods
contain the highest number of allergenic species with insects
and fungi being the next most frequent. For allergenic
proteinswithin each category, foods are also number onewith
fungus and insect allergens ranking second and third. Ani-
mals, weeds, and grasses possess the least number of species.
In terms of species, themost abundant allergens are possessed
by ragweed, timothy, olive, mite, cat, Aspergillus fumigatus,
peanut, latex, and so forth. The number of allergenic species
and the number of allergens in each category constitute two
distributions (Figure 2). Kolmogorov-Smirnov test shows no
significant statistical difference (𝑃 < 0.05) between the
number of allergenic species in each category and the number
of allergens in each category (Table 1). It indicates that the two
distributions were drawn from an identical population, and

that the number of allergens is closely related to the number
of allergenic species. That is to say, in terms of the allergen
research realm worldwide, allergens evolved in parallel from
one species to another; no emphasis was prescribed to a
certain species/allergen.

3.3. Progressive Clustering of the Major Allergens and AFFPs.
Previously, we retrieved online 478 allergen sequences and
clustered them into eight groups by sequence similarity [5].
In this study, we focused on major allergens and retrieved
280 entries, and 59 major allergens were retained after initial
reduction. Clustering results showed that the 59 major aller-
gens were initially classified into seven clusters (Figure 3(a)).
Two or more neighboring clusters were combined to form a
new data source for further clustering. This procedure was
iterated until the last clustering exhibited 21 allergens that
were distantly related to each other (Figure 3(b)). Further
alignment showed that several pairs of allergens could be
respectively grouped together, but with less than 15%pairwise
positives in amino acid sequences andmost of them exhibited
different tertiary structures (See next part). Therefore, no
further clusteringwas assigned to these allergens, and tertiary
structure analysis was performed on the identified 21 major
allergens.

Groups with remote homology (<20%–35% in local
region) were represented by single entries. This method
allowed us to reduce 534 AFFPs into 21 allergens (Figure 4)
through five cycles of “cluster-selection-alignment” step, the
same as that for major allergens. All the core peptides contain
3–5 matching residues with adjacent mismatches.

3.4. Overall Structure Description of the 21 Major Represen-
tative Allergens. 3D structure modeling was completed for
most of the above 21 allergens by an automated mode or
template identificationmode in a SWISS-MODELworkspace
[15]. Only O82015 [17], homologous to olive allergen Ole e 1
[18], and Q01940, a major allergen Mal f 1 from Malassezia
furfur [19], had no identifiable protein structures by a SWISS-
MODEL search.Therefore, their 3D structures were modeled
by homology to related proteins from the nearby superfami-
lies Q04656 [20] and O05871 [21].The 3D structures of the 21
major representative allergens are depicted in Figure 5.

When inspected from spatial structural orientations and
surface exposures of the allergens, all of the 21 allergens were
shuffled against the initial clustering and interestingly fell
into seven structural classes (Figure 5). However, this classi-
fication is complicated by the existence of similar structural
scenarios in different structural classes.

(I) Up-and-down 𝛽-barrel: includes P80384, the major
allergen Lep d 2 from Fodder mite (Lepidoglyphus
destructor) [22], as well as other group 2 allergens
from dust mite species, for example, Der f 2 (P49278)
from Dermatophagoides farinae [23].

(II) 𝛽-meander and/or 𝜓-loop constituted calyx, short-
ened as 𝛽(𝛼) calyx, such as hexagon, cradle, and glo-
bose twins: includes allergens Q01940 [19], Q9FY19
[24], P18632 [25], Q40967 [26], Q84UI0 [27], and
O82015 [17].
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Table 1: Parameter estimate for Kolmogorov-Smirnov test (Complementary for Figure 2)∗.

Group Frequence Cumulate Frequence Cumulate Frequency
𝑆
𝑛1
|𝑥| − 𝑆

𝑛2
|𝑥|

Species no. Allergens no. Species no. Allergens no. Species no. Allergens no.
Others 4 8 4 8 0.01660 0.01100 −0.00560
Animals 8 27 12 35 0.04979 0.04814 −0.00165
Mites 9 59 21 94 0.08714 0.12930 0.04216
Weeds 14 38 35 132 0.14523 0.18157 0.03634
Grasses 17 57 52 189 0.21577 0.25997 0.04420
Trees 25 66 77 255 0.31950 0.35076 0.03126
Fungi 26 104 103 359 0.42739 0.49381 0.06642
Insects 47 120 150 479 0.62241 0.65887 0.03646
Foods 91 248 241 727 1 1 0
∗The allergen data analyzed were downloaded from the IUIS website (http://www.allergen.org/) on June 20, 2012.𝐷

𝑛,241∼727
= Maximum (𝑆

𝑛1
|𝑥| − 𝑆

𝑛2
|𝑥|) =

0.06642, while the threshold values were𝐷
𝑛,0.01
= 0.1212,𝐷

𝑛,0.05
= 0.1011.
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Figure 3: Progressive clustering of the major allergens acquired in UniProtKB/Swiss-Prot database. (a) Phylogeny tree of 59 major allergens
constructed and tested by Maximum Liklihood from 280 major allergens. (b) Bootstrap consensus tree of 21 major representative allergens
reduced from 59 major allergens.
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Figure 4: Maximum Parsimony Tree of 21 representative allergens
reduced from the allergens corresponding to 534 AFFPs.

(III) 𝛼-𝛽 structured crane: includes Q8I9R5, an allergen
from Sarcoptes scabiei type hominis [28].

(IV) 𝛼-𝛽 arranged banana string: includesQ95182 [29] and
P43179 [30].

(V) 𝛼(𝛽) formed complex: includes P08176 [31] and
Q06811 [32].

(VI) 𝛼-helix built clips: a large group including P30438,
P30440, P59747 [33], Q40237 [34], O04404 [35],
Q9M5X7, and P16968 [36]. Interestingly, P30438 and
P30440, chain 1 and chain 2 of cat allergen Fel d
1 [37], configure a pair of chiral molecules on the
3D level. O04404, Q9M5X7, and P16968, originating
from different taxonomic species but classified into
the same initial Cluster 7, here exhibited structures
similar to each other.

(VII) 𝛼-helix spiral cord: includes P01501 [38] andQ95WY0
[39], both of which came from the same initial cluster
III. P01501 is an allergen Api m 3 from honeybee
(Apis mellifera), also a main toxin of bee venom
with strong hemolytic activity. Q95WY0 is the major
oyster allergen and tropomyosin from the pacific
oysterCrassostrea gigas.These two allergens exhibited
similar structures but displayed different lengths of
their spiral cord.

4. Discussion

There is a tight link between allergen diagnosis and immun-
otherapy. After obtaining the results of allergen intradermal

testing, specific IgE diagnosis, and/or even challenge assays,
those allergen(s) with the highest positive scores would
typically be chosen for use in immunotherapy on the allergic
patients.The advent of molecular biology and bioinformatics
heralded an unprecedented breakthrough in the develop-
ment of recombinant allergens engineered to have the same
immunological characteristics as natural allergens. Many
studies have therefore used recombinant allergens in place of
their natural counterparts. Unfortunately, allergen screening
from one species to another in parallel only displays an
ostensible prosperity of allergen study and could not pinpoint
the importance of each allergen. The accumulation of a large
quantity of overlapping data is threatening to undermine the
achievements of allergen research.Whereto allergen research
goes becomes a compelling question.

Facing this question, we firstly cast a meta-analysis on
62 allergenic sources used for intradermal testing on 3,335
patients in a three-year period. The result demonstrated that
88% to 100% of the patients were cosensitized to the top
five allergenic sources and assumed that these five allergenic
sources would have positive immunotherapeutic effects on
the majority of the patients and that the remaining allergenic
sources would have minor effects on the patients when used
for immunotherapy. All these data corroborate that mite,
sesame (Sesamum indicum L.), spiny amaranth (Amaranthus
spinosus L.), Pseudomonas aeruginosa, and house dust are the
five most prevalent allergenic sources and can well represent
the 62 allergenic sources identified in southern China.

Basically, each extract from a single individual allergenic
source is a mixture containing about ten allergenic proteins.
Certainly, house dust is a mixture as well and contains differ-
ent allergenic proteins. Hence, using house dust for diagnosis
is similar to general screening of allergies with allergenmixes,
such as fx1, fx5, mx1, and Phadiatop of UniCAP [40]. The
allergens in the top five allergenic sources hence constitute
a potent and limited allergen aggregate. Besides the cross-
reactivity among some allergens thereof, as deduced from
the cosensitization to different allergenic sources, what their
relationship is in the repertoire becomes an urgent question.
Our unpublished clinical data demonstrated that the allergen
preparations from either D. pteronyssinus or D. farinae can
be administered to patients allergic to either mite source
and can achieve similar immunotherapeutic effects, which
suggests the mutual substitution of the two allergens. This
result, corroborating Weber’s summary [41], also suggests
that it is possible to allow the substitution of the closely related
allergenic sources bymajor representative ones. It is tempting
to further think that allergens existing in the five major
allergenic sources can be reduced to fewer nonredundant and
nonhomologous ones. Hence, it is crucial to converge efforts
on the typical representative allergens for further research.

A systematic classification of all allergens by protein
taxonomic family and even by structure has long been
needed. A former study found that only 52 motifs matched
644 of 779 allergen sequences from all types of sources
[42]. Mueller and colleagues argued that primary sequence
comparisons could sometimes miss conserved elements of a
protein, which can only be seen at the structural level, and
that a comparative structuralmodeling approach could reveal
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Figure 5: Ribbon diagrams of profilin (Q64LH0) and 19 out of the 21 major representative allergens subtracted. The 7 structural classes are
separated by vertical lines. PDB codes are shown in brackets; the following numbers indicate the initial sequence clustering groups. Q64LH0
was not retrieved as a major allergen thus without initial cluster number. Q9M5X7 and Q40237 were omitted for space consideration.

these structural similarities undetectable at the sequence level
[43]. Based on these results, the present study focused on
major allergens over general ones and performed progressive
clustering and manual subtraction of sequence redundancy
of major allergens. Twenty-one major representative aller-
gens were subsequently retained and were further classified
into seven structural patterns, with many allergens from
different sequence groups compiled in one structural class,
thus validating the limitation of sequence comparison [44].
Structure class VI, for example, includes contact allergens,

pollen allergens, and food allergens. Although they have low
sequence homology, these allergens share similar structure
scenarios with each other. Moreover, we also found that
panallergen profilin (e.g., Q64LH0 [5]) exhibits a configu-
ration of 𝛼-𝛽-𝛼 layers (Figure 5) and is analogous to 2 EF-
hand configuration (polcalcin, e.g., P59747 [33]) and even
more similar if the mesial layer is replaced by an 𝛼 helix-
formed clip. Further analysis showed that different kinds of
allergens, no matter whether they are in the same structure
class or not, would share similar structure scenarios in part
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of their component elements. These results not only theoret-
ically confirmed the clinical relevance between profilin and
polcalcin [45], but also suggested the relevant relationship
between 2 EF-hand calcium-binding proteins (P59747 [33])
and Poa p IX/Phl p VI allergen family (Q40237 [34]),
cereal trypsin/alpha-amylase inhibitor family (P16968 [36]),
nonspecific lipid-transfer protein (O04404 [35]), and even
uteroglobin (P30438 [37]) and Ole e 1 (O82015 [17]). Major
allergenOle e 1, for example, also harbors a profilin structure-
like component element (Figure 5), suggesting its panallergen
characteristics [18]. All the results mentioned above are
theoretically supported by remote homology modeling and
protein profile comparison [46, 47] and thus have drawn a
picture of a cross-reactivity network among taxonomically
different allergens and even allergenswith nil or low sequence
similarity and explained the underlying basis of the universal
existence of cosensitization to different allergenic sources by
individual patients disclosed by the present study.

The 3D structures of a continuously increasing number
of allergens are currently being solved. Therefore, it is pos-
sible to produce recombinant allergens that exactly mimic
their natural wild types and even to produce genetically
engineered hypoallergens with nil or low IgE reactivity but
retained T-cell reactivity. As the present study demonstrates,
clinical cosensitization to multiple allergenic sources can be
attributed to a few major allergenic sources; major allergens
from different species can be logically reduced to 21 major
representative allergens and even grouped into 7 or less
structure classes with similar structure scenarios shared by
different allergens. It is tempting to think that there might
not be a need to unequivocally search all the undeveloped
species for totally novel allergen genes or to equivalently test
numerous allergenic sources on patients. Thus, it is cost-
efficient, practical, and crucial to have the recombinant aller-
gen research focused on the major representative allergens
or core AFFPs for immunotherapy strategy development and
diagnosis formulation.

We recently noticed that single or fewer major allergens
can not only be used to diagnose the genuine sensitization
of patients to a given allergen or to the cross-sensitization
to several allergenic sources, but also be used for allergen-
specific immunotherapy to yield the same effects as the whole
allergen mixtures in allergic patients [14, 48, 49]. Intensive
clinical evidence has also proven that specific immunother-
apy with one kind of allergenic reagent can prevent both the
progression of allergies and the acquisition of new allergic
sensitizations [50]. All these conclusions corroborate our
results.
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[7] U. Seppälä, C. Dauly, S. Robinson, M. Hornshaw, J. N. Larsen,
and H. Ipsen, “Absolute quantification of allergens from com-
plex mixtures: a new sensitive tool for standardization of aller-
gen extracts for specific immunotherapy,” Journal of Proteome
Research, vol. 10, no. 4, pp. 2113–2122, 2011.

[8] C. Fernández, R. Cárdenas, D. Mart́ın et al., “Analysis of skin
testing and serum-specific immunoglobulin E to predict airway
reactivity to cat allergens,” Clinical and Experimental Allergy,
vol. 37, no. 3, pp. 391–399, 2007.

[9] B. Qiao, “Allergen preparation and dispensing,” in Allergology,
Y. Shitai, Ed., pp. 713–750, Science Press, Beijing, China, 1998
(Chinese).

[10] W. R. Campbell and M. I. Hanna, “The determination of nitro-
gen by modified Kjeldahl Methods,” The Journal of Biological
Chemistry, vol. 119, no. 1, pp. 1–7, 1937.

[11] D.A.Morrow, E.M.Antman, S. A.Murphy et al., “The risk score
profile: a novel approach to characterising the risk of popula-
tions enrolled in clinical studies,” European Heart Journal, vol.
25, no. 13, pp. 1139–1145, 2004.

[12] M. A. Larkin, G. Blackshields, N. P. Brown et al., “ClustalW and
clustal X version 2.0,” Bioinformatics, vol. 23, no. 21, pp. 2947–
2948, 2007.

[13] S. Kumar, M. Nei, J. Dudley, and K. Tamura, “MEGA: a biolo-
gist-centric software for evolutionary analysis of DNA and
protein sequences,” Briefings in Bioinformatics, vol. 9, no. 4, pp.
299–306, 2008.

[14] L. Zhang, Y. Huang, Z. Zou et al., “SORTALLER: predicting
allergens using substantially optimized algorithm on allergen



10 Mediators of Inflammation

family featured peptides,” Bioinformatics, vol. 28, no. 16, pp.
2178–2179, 2012.

[15] K. Arnold, L. Bordoli, J. Kopp, and T. Schwede, “The SWISS-
MODEL workspace: a web-based environment for protein
structure homology modelling,” Bioinformatics, vol. 22, no. 2,
pp. 195–201, 2006.

[16] T. Schwede, J. Kopp, N. Guex, and M. C. Peitsch, “SWISS-
MODEL: an automated protein homology-modeling server,”
Nucleic Acids Research, vol. 31, no. 13, pp. 3381–3385, 2003.

[17] E. Batanero, M. A. Gonzalez de la Peña, M. Villalba, R. I.
Monsalve, M. Martin-Esteban, and R. Rodriguez, “Isolation,
cDNA cloning and expression of Lig v 1, themajor allergen from
privet pollen,” Clinical and Experimental Allergy, vol. 26, no. 12,
pp. 1401–1410, 1996.
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Nucleocytoplasmic shuttling ofmacromolecules is a well-controlled process involving importins and exportins.These karyopherins
recognize and bind to receptor-mediated intracellular signals through specific signal sequences that are present on cargo proteins
and transport into and out of the nucleus through nuclear pore complexes. Nuclear localization signals (NLS) present on cargo
molecules to be imported while nuclear export signals (NES) on the molecules to be exported are recognized by importins
and exportins, respectively. The classical NLS are found on many transcription factors and molecules that are involved in the
pathogenesis of allergic diseases. In addition, several immune modulators, including corticosteroids and vitamin D, elicit their
cellular responses by regulating the expression and activity of importinmolecules. In this review article, we provide a comprehensive
list of importin and exportin molecules and their specific cargo that shuttled between cytoplasm and the nucleus. We also critically
review the role and regulation of specific importin and exportin involved in the transport of activated transcription factors in
allergic diseases, the underlying molecular mechanisms, and the potential target sites for developing better therapeutic approaches.

1. Introduction

The trafficking of molecules between the cytoplasm and the
nucleus in eukaryotes is regulated by nuclear pore complexes
(NPCs or nucleoporins), which are cylindrical structures
containing about 100 different polypeptides and embedded in
the doublemembrane of the nuclear envelope.The regulation
of bidirectional movement of molecules within a cell is
critical in the exchange of molecules in and out of the
nucleus and precise control of signal transduction processes
as well as gene expression, cell cycle progression, and other
cellular responses. Generally, the molecules up to 38–50 kDa
in size may passively diffuse through the nuclear pore
complexes. However, molecules larger than 50 kDa require
machinery whereby mobile targeting receptors called karyo-
pherins recognize and bind to receptor-mediated intracellu-
lar signals through specific signal sequences that are present
on substrate proteins. Depending upon the movement of
macromolecules from cytoplasm to nucleus or nucleus to
cytoplasm, these karyopherins target the substrates that
contain nuclear localization signal (NLS) or nuclear export
signals (NES). The classical amino acid sequence in the NLS

is PKKKRRV that mediates the nuclear translocation of large
molecules from the cytoplasm [1]. The nuclear export signals
(NES) typically contain the sequence LQLPPLERLTL, which
directs the proteins to leave the nucleus [2].

The first conventional NLS is recognized by an adaptor
protein, importin-𝛼 (also known as karyopherin-𝛼), that
functions as the NLS receptor. The importin-𝛼 interacts with
importin 𝛽 (also known as karyopherin-𝛽), which mediates
the process of docking to the nucleoporins. The protein
containing NLS is transported through NPC to the nucleus
by importin 𝛼/𝛽 heterodimeric complex. This translocation
of the substrate-receptor complex through the NPC requires
energy provided by a low molecular weight Ras-family
GTPase, Ran, which is present in the nucleus. After translo-
cation to the nucleus, the importin heterodimeric complex
dissociates by the action of Ran-GTP, whereby the importin-
𝛼 and the substrate enter and accumulate in the nucleoplasm
while importin-𝛽 binds to Ran-GTP and accumulates at
the NPC [2]. Thus, the import of protein substrates bound
to NLS receptors in the cytoplasm does not require Ran-
GTP. However, the release of the protein substrate in the
nucleus is dependent upon Ran-GTP binding to the complex.
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Figure 1: Nucleocytoplasmic transport of macromolecules via importin-exportin pathway. In the cytoplasm, importin-𝛼 forms a
heterotrimeric complex with importin-𝛽1, RanGDP, and NLS containing cargo protein.This heterotrimeric complex passes through the NPC
into the nucleus and RanGTP binds to importin-𝛽1 and disassembles the complex in the nucleus. The binding of exportin to NES within
the cargo protein is triggered by RanGTP in the nucleus and is exported back to the cytoplasm through nuclear pore complex (NPC). In the
cytoplasm, the dissociation of the complex is mediated through the hydrolysis of RanGTP to RanGDP by GAP (GTPase activating protein)
that forces the binding of GDP to Ran. GEF (guanine nucleotide exchange factor) is a nucleoplasmic factor that stimulates exchange of GDP
with GTP forming RanGTP in the nucleus.

Finally, importin 𝛼/𝛽 returns back to the cytoplasm to import
additional protein molecules into the nucleus (Figure 1).

Nuclear export of proteins occurs through NES in an
analogous manner by exportins, which are homologous to
importin-𝛽. However, this requires the binding of Ran-GTP
to protein-NES-exportin complex. After the cytoplasm has
been reached, the hydrolysis of RanGTP to RanGDP by Ran
GTPase-activating protein occurs, resulting in the dissocia-
tion of the complex of exportin and protein. The direction
in which protein is carried is generally determined by the
gradient of RanGTPase because themajority of RanGDP and
Ran-GTPase-activating proteins are found in the cytoplasm,
whereas Ran-GTP and Ran-guanine nucleotide exchange
factors (Ran-GEF) are primarily present in the nucleus [3].

Human importins and exportins are classified into four
subfamilies. First family is importin 𝛼P that consists of
importin 𝛼1 [4], second family is importin 𝛼Q, including
importins𝛼3 and𝛼4 [5], third family is importin𝛼S including
importins 𝛼5, 𝛼6, and 𝛼7 [5–7], and the fourth family
is importin 𝛽 that consists of importins 𝛽1, 𝛽2, and 𝛽3,
importins 7, 8, and 12, exportins 1, 5, and 6, and exportin
t [8]. However, there are few human importin/exportin
molecules that have not been yet categorized into a subfamily.
These are importins 4, 9, 11, and 13, transportin 2, and
exportins 4 and 7. Different subfamily members share around
50% sequence identity. The similarity in sequence within a
subfamily is around 85%. Despite of these subtle differences
in the sequence, they possess similar pattern of recognition of
NLS on cargo proteins. However the experimental evidence

is provided by many studies validating the fact that different
importin/exportin molecules possess distinct properties in
terms of interactingwith theNLS of specific cargo proteins [6,
9, 10]. A comprehensive summary of human importins and
exportins along with their alternative names, short names,
and the gene symbols given by NCBI (National Center for
Biotechnology Information) is provided in Table 1. There
also are nonconventional nuclear transport mechanisms that
are distinct from the classical concept of importing proteins
which are responsible for the import of molecules into the
nucleus by directly binding to specific importin 𝛽1 homologs
from importin 𝛽 family.

Karyopherins recognize various cargo molecules and
bind to themby interactingwithNLS orNESpresent on cargo
molecules. However, the specificity of importins or exportins
for each cargo would depend upon the structure and direct
interaction of importin-cargo molecules. In Table 2, a sum-
mary of cargos that bind directly to importins and exportins
is provided.

2. Molecules Involved in
Allergic Immune Response

Inflammation is a hallmark of allergic diseases, including
asthma, allergic rhinitis, and atopic dermatitis. In most of
the allergic diseases, inflammation is primarily characterized
by the predominance of Th2 lymphocytes and the specific
cellular response of Th2 cytokines, IL-4, IL-5, IL-9, and
IL-13. IL-4 mediates the class switching of IgM secreted by
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Table 1: Names and symbols of human importins and exportins.

Transporters Alternative name/s Short name/s NCBI
symbols

Importin 𝛼1/
Importin 𝛼2

Karyopherin 𝛼2
RAG cohort
protein 1
SRP1-𝛼

RCH1
SRP1 KPNA2

Importin 𝛼3 Importin 𝛼 Q1
Karyopherin 𝛼4 Qip1 KPNA4

Importin 𝛼4 Importin 𝛼 Q2
Karyopherin 𝛼3

Qip2
SRP-1𝛾 KPNA3

Importin 𝛼5

Karyopherin 𝛼1
Nucleoprotein
interactor 1
RAG cohort
protein 2

NPI-1
SRP1-𝛽
RCH2

KPNA1

Importin 𝛼6 Karyopherin 𝛼5 — KPNA5
Importin 𝛼7 Karyopherin 𝛼6 IPOA7 KPNA6

Importin 𝛽1

Importin 90
Karyopherin 𝛽1

Nuclear factor p97
Pore targeting
complex 97 kDa

subunit

PTAC97
NTF97 KPNB1

Importin 𝛽2

Transportin 1
Karyopherin 𝛽2

M9 region
interaction protein

KPNB2
MIP1
TRN

TNPO1

Importin 𝛽3

Importin 5
Karyopherin 𝛽3
Ran-binding
protein 5

Imp5
KPNB3
RanBP5

IPO5

Importin 4
Importin 4b
Ran-binding
protein 4

Imp4b
RanBP4
IMP4B

IPO4

Importin 7 Ran-binding
protein 7

Imp7
RanBP7 IPO7

Importin 8 Ran-binding
protein 8

Imp8
RanBP8 IPO8

Importin 9 Ran-binding
protein 9

Imp9
RanBP9
KIAA1192
HSPC273

IPO9

Importin 11 Ran-binding
protein 11

Imp11
RanBP11 IPO11

Importin 12 Transportin 3
Transportin-SR

Imp12
TRN-SR
IPO12

TNPO3

Importin 13 Karyopherin 13
Kap13

RanBP13
KIAA0724

IPO13

Transportin 2 Karyopherin 𝛽2b — TNPO2

Exportin 1

Chromosome
region

maintenance 1
protein homolog

Exp1
CRM1 XPO1

Exportin 4 — Exp4
KIAA1721 XPO4

Exportin 5 Ran-binding
protein 21

Exp5
KIAA1291
RanBP21

XPO5

Table 1: Continued.

Transporters Alternative name/s Short name/s NCBI
symbols

Exportin 6 Ran-binding
protein 20

Exp6
KIAA0370
RanBP20

XPO6

Exportin 7 Ran-binding
protein 16

Exp7
KIAA0745
RanBP16

XPO7

Exportin t tRNA exportin — XPOT

plasma cells to allergen specific IgE, IL-5 is a major cytokine
involved in eosinophilic inflammation, and IL-13 is partly
involved in class-switching event and plays a key role in
goblet cell hyperplasia and mucus production [11]. IL-9 was
initially described as a growth factor for T-lymphocyte and
mast cells and is released from many cell types, including
Th2 cells, eosinophils, mast cells, and neutrophils. IL-9 can
induce multiple effects in the initiation, exacerbation, and
maintenance of allergic airway inflammation and airway
remodeling (Figure 2).

Patients with allergic respiratory diseases have a biased
immune response towards Th2 phenotype, contrasting that
of healthy individuals in which the host-defense mecha-
nisms maintain a balance between Th1 and Th2 phenotypes.
The differentiation of Th2 cells is regulated by zinc finger
transcriptional factor GATA-3, suggesting a key role of
GATA-3 in mediating allergic immune response [12]. There
is a pivotal role of bronchial smooth muscle cells in the
pathogenesis of airway inflammation [13]. The increase in
bronchial smooth muscle mass narrows the airway lumen,
which further obstructs the airflow. There are a number
of inflammatory cytokines secreted by bronchial smooth
muscles such as TNF-𝛼, IL-6, IL-17, IL-8, and IL-1𝛽. Indeed,
nearly every structural cell in the lung, including epithelial
cells and infiltrated cells, becomes activated during allergic
immune response. Thus, airway inflammation, due to the
effect of various cytokines andmediators released by the cells
in the lung, is a hallmark of allergic diseases.

The transcription, translation, and release of cytokines
during allergic response depend upon specific signals, activa-
tion of intracellular kinases, and transcription factors present
in the cytoplasm (Figure 2). STAT6 is vital to inducing
the expression of Th2 cytokines, initiating allergic immune
responses inmany allergic diseases [14, 15].The activatedNF-
𝜅B is one of the transcriptional factors that trigger airway
hyperresponsiveness and allergic airway inflammation by
rapidly inducing the expression of various genes involved in
the pathology of allergic diseases [16]. However along with
AP-1, it can further enhance the production of proinflam-
matory cytokines such as IL-1 and TNF-𝛼 [17]. Th17 cells
are another subset of T helper cells that are differentiated
from naı̈ve T cells in the presence of TGF-𝛽, and a very
potent inflammatory cytokine, IL-6, is creditedwith inducing
pathology in allergic inflammatory diseases [18]. ROR𝛾t
is a transcriptional factor responsible for the differentia-
tion of Th17 cells via signal transducer and activator of
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Table 2: Specificity of different classes of importins/exportins in transporting cargo to and from the nucleus.

Transporters Organism Cells/Tissue Cargo (proteins) specific to each
importin or exportin Reference

Importin 𝛼1 Human ROS 17/2.8, UMR-106,
MC3T3-E1, and SaOS-2 Type 1 parathyroid hormone receptor [62]

Importin 𝛼2 Human HuT-78 cells GATA-3 [63]

Importin 𝛼3 Human A5A9 lung cells, human
Bronchial smooth muscle cells NF-𝜅B p50/p65 [25, 50]

Importin 𝛼3 Mouse Mouse lung tissue NF-𝜅B p65 [11]
Importin 𝛼4 Human A5A9 lung cells NF-𝜅B p50/p65 [25]

Importin 𝛼5 Human
COS-1
HepG2

HuH7 hepatoma cells

STAT3

STAT1-STAT2

[45]

[43]

Importin 𝛽1 Human

HEK293
HUVEC
C58
CO57
HeLa

PRPF31
NF-𝜅B
CREB
PTHrP

SRY/SOX-9
Cyclin B1
NFAT

[64–69]

[33]

[68]

Importin 𝛽1 Mouse Sf9 NFAT [69]
Importin 𝛽2 Human HeLa HPV16E6 oncoprotein [70]

Importin 𝛽3 Human HeLa c-Jun
Ribosomal proteins [71, 72]

Importin 4 Human HeLa Vitamin D receptor
HIF1-𝛼 [73, 74]

Importin 5 Human HeLa c-Jun [70]

Importin 7 Human HeLa

c-Jun
Histone H1

CREB
SMAD3

Glucocorticoid receptor

[71]
[75, 76]
[33]
[48]
[55]

Importin 8 Human HaCaT
COS-1

SMADs
Signal recognition particle protein 19 [76, 77]

Importin 9 Human HeLa c-Jun
PP2A (PR65)

[71]
[78]

Importin 11 Human BHK L12
UbcM2 [79, 80]

Importin 13 Human HeLa
Airway epithelial cells

c-Jun
Glucocorticoid receptor [71] [57]

Importin 𝛼/𝛽 Human HTC
MCF-7

HIV-1 integrase
P53 [81, 82]

Exportin 1 Human NIH-3H3
HeLa

Cyclin D1
I𝜅B
NFAT

[14, 26, 83, 84]

Exportin 4 Mouse HeLa elF-5A [15]
Exportin 5 Human BHK Staufen2 [85]
Exportin 6 Human Actin [86]

Exportin 7 Human HeLa
BHK P50RhoGAP [87]

Exportin t Human HeLa tRNA [72, 88]
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the transcription 3 (STAT3)-ROR𝛾t pathway. The activation
and functionality of transcriptional factors determine the
fate of T cell differentiation and the cytokine secretion
according to the lineage of the T cell. Th1 cells express Th1
master regulator, T-box transcriptional factor (T-bet), which
is induced via STAT4 or STAT1 signaling pathways [19].
Runx3 is another transcriptional factor whose expression
is upregulated by Th1 cells. If the conditions favoring the
differentiation ofTh1 cells are present, then the differentiation
ofTh2 cells will be inhibited. IL-4 encoding genes are silenced
by T-bet and Runx3 [20], suggesting that targeting IL-4
signaling is one of the therapeutic approaches to attenuating
allergic airway inflammation. On the other hand, Th2 cell
differentiation is accompanied by IL-4 through STAT6,which
in turn induces GATA-3 the master regulator for Th2 cell
differentiation [21].

The activation of the respective transcriptional factors
is a key component to the induction or alleviation of
allergic inflammation.The transcriptional factors responsible
for inducing or reducing allergic inflammation must enter

the nucleus of the target cell and bind to their specific
response elements to exhibit their functional role. Small
molecules up to ∼40 kDa can easily diffuse through the
nuclear pore complexes, whereas the largermolecules require
help from import and export molecules to get through the
nuclear membrane. The import-export machinery responsi-
ble for such translocation consists of importins and exportins.
In the following section, the role of specific importin or
exportin molecules in the transport of specific transcription
factors involved in allergic inflammation will be discussed.

3. Effect of Importins/Exportins on
Key Transcription Factors Involved in
Allergic Inflammation Rel or NF-𝜅B

Since importins and exportins play a crucial role in trans-
porting macromolecules into and out of the nucleus, their
regulation is critical in cellular responses (Figure 3). Rel/NF-
𝜅B p50/p65 is actively involved in cell differentiation, host
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immune response and in the transcription of many inflam-
matory cytokines [22]. Rel/NF-𝜅B activation is critical for the
induction and stimulation of allergic airway inflammation.
Indeed, increased activation of activated Rel/NF-𝜅B has been
found in immune cells and structural cells of the lungs
in asthmatic subjects [23, 24]. TNF-𝛼, IL-17, and IL-1𝛽 are
crucial proinflammatory cytokines that are secreted by many
cells in the airway during allergic airway inflammation and
activate NF-𝜅B [24]. In the latent state, Rel/NF-𝜅B remains
in the inactive state complexed with I𝜅B-IKK complex in
the cytosol. IKK complex consists of three distinct subunits:
IKK𝛼 and IKK𝛽 as catalytic subunits and IKK𝛾 (also called
as NEMO) as a regulatory subunit to sense scaffold and
to integrate the upstream signals to activate catalytic sub-
units. Once signaled, IKK complex is activated, leading to
phosphorylation of IKK𝛽. This results in the ubiquitination
of I𝜅B𝛼 followed by degradation by the 26S proteasome.
This releases the Rel/NF-𝜅B dimers containing primarily
p50–p65 subunits to enter the nucleus and activate target
gene expression. Due to the large size of Rel/NF-𝜅B dimers,

the translocation event is triggered by importins (Figure 3).
NF-𝜅B subunits p50 and RelA contain classical nuclear
localization signals that are unmasked after ubiquitination
and degradation of I𝜅B𝛼 prior to their translocation to the
nucleus by importin 𝛼/𝛽 heterodimer [25].

Fagerlund and colleagues have presented strong evidence
in their study to suggest that importins 𝛼3 and 𝛼4 are
responsible for the translocation of TNF-𝛼-stimulated active
subunits of NF-𝜅B to the nucleus from the cytoplasm [25]
and the subsequent export back into the cytoplasm with
the support of exportin, CRM1 (chromosome region main-
tenance 1) [26, 27]. This exportin has sequence similarity
with karyopherin 𝛽1 and interacts with nucleoporin Nup214
and exports NF-𝜅B to the cytoplasm, thereby inhibiting its
accumulation in the nucleus.Thus, importin𝛼3 and importin
𝛼4 together with CRM1 are critical karyopherins involved
in the import and export of NF-𝜅B in nucleocytoplasmic
translocation during allergic airway inflammation (Figure 3).

Recently, several molecules have been identified which
might have a significant effect on CRM1-dependent export
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of NF-𝜅B and retention of NF-𝜅B in the nucleus. These
molecules include prohibitin [11, 27, 28], HSCARG [29],
poly(ADP-ribose)polymerase-1 [30], and heat shock protein
72 (Hsp72) [31]. However, the potential presence of addi-
tional endogenousmediators as a natural defensemechanism
in response to NF-𝜅B activity cannot be ruled out. The
underlying mechanisms by which these molecules influence
import nucleocytoplasmic shuttling of NF-𝜅B are unclear
and warrant further investigation. Nonetheless, there is a
potential to develop novel therapeutics in controlling allergic
inflammation and the treatment of allergic diseases due to
increased activity of NF-𝜅B.

4. AP-1

Activator protein-1 (AP-1) is another transcriptional factor
that plays a crucial role in the induction of cellular differenti-
ation, gene expression, and apoptosis. Active AP-1 enhances
the secretion of proinflammatory cytokines, including TNF-
𝛼 and IL-1. In response to allergic inflammatory mediators,
both AP-1 and NF-𝜅B are activated and these transcrip-
tion factors can synergistically induce the transcription and
generation of inflammatory mediators to induce allergic
and autoimmune diseases. AP-1 consists primarily of two
components, c-jun and c-fos, and the active AP-1 is made
up of homodimer or heterodimer of these subunits [32].
The homodimer or heterodimer of activated AP-1 enters
into the nucleus primarily through importin 𝛽1 that recog-
nizes subunits of AP-1 in importin-𝛼-independent manner
(Figure 3). In fact, Importin 𝛽1 binds to AP-1 subunits, jun
and fos, with higher affinity than that of importin-𝛼 [33].
Thus, by controlling the binding of importin 𝛽1, the nuclear
translocation of AP-1 may be regulated and could thus be
useful in the attenuation of inflammation in allergic diseases.

There are no reports in human cells in regard to the
export of AP-1. However, in yeast it has been found that
𝛽-karyopherin-like nuclear exporter, Crm1p, recognizes and
binds to the nuclear export sequence on AP-1 in the pres-
ence of RanGTP, and this process is inhibited by oxidation
[34].

5. GATA-3

GATA-3 is a transcriptional factor that mediates the differ-
entiation and proliferation of Th2 cells [35]. Th2 cytokines,
IL-4, IL-5, IL-9, and IL-13, are predominantly regulated by
GATA-3 and critically involved in the pathogenesis of allergic
airway inflammation. IL-4 and IL-13 are mainly responsible
for inducing antigen specific IgE while IL-5 is involved in
eosinophilic inflammation. GATA-3 plays a pivotal role in
mediating allergic diseases, such as allergic rhinitis, asthma,
and atopic dermatitis, and therefore is a key target in develop-
ing better therapeutic approaches. Indeed, the knockdown of
GATA-3 under both in vivo and in vitro conditions reduces
Th2 cytokines, resulting in inhibited allergic inflammation
[36, 37]. GATA-3 contains a classical nuclear import signal
that is recognized by importin 𝛼 and thus translocates to
the nucleus [37]. The deletion of the region, which is critical

for the interaction of the NLS in AP-1 and importin 𝛼,
hinders nuclear translocation of activated AP-1 [38]. The
p38 MAPK-mediated serine phosphorylation on GATA-3 is
critical for nuclear import of GATA-3 from cytoplasm after its
interaction with importin 𝛼 [37]. Upon arrival in the nucleus,
GATA-3 binds to its response element in the promoter
region of Th2 cytokines, increases their gene expression,
thus stimulates IgE class switching by increased production
of IL-4 and IL-13, and induces eosinophilic inflammation
(Figure 3).

An endogenous inhibitor, MAPK phosphatase-1 (MKP-
1), inhibits the phosphorylation and activation of p38 MAPK
[37]. The inhibition of p38-MAPK leads to the downregula-
tion ofTh2 cytokines [39]. The interaction between importin
𝛼 and NLS on GATA-3 is affected due to the inhibition of p38
MAPK, resulting in the attenuation of nuclear translocation
of GATA-3 from cytoplasm (Figure 3). This, in turn, leads
to the downregulation of Th2 cytokines and reduced allergic
airway inflammation. The results from animal studies also
support the fact that the inhibition of the phosphoryla-
tion of p38 MAPK causes a reduction in allergic airway
inflammation.This is further supported by findings in which
the suppressed activity of p38 MAPK reduced eosinophilic
inflammation in mice and guinea pigs that were exposed to
OVA [40]. Mice sensitized and challenged with OVA were
aerosolized with the SB239063, a potent inhibitor of p38
MAPK inhibitor, showed reduced eosinophilic inflammation,
and attenuated airway hyperresponsiveness and mucus pro-
duction, and there was downregulation in IL-4, IL-5, and IL-
13 in the bronchoalveolar lavage fluid. These findings suggest
that GATA-3 is regulated via its nuclear import gene importin
𝛼. Thus, potential inhibitors of importin 𝛼 binding to the
NLS on GATA-3 could be therapeutically useful in regulating
allergic inflammation.

There is no data available at this time on the export of
GATA-3 from nucleus to cytoplasm. However, the potential
role of CRM-1 cannot be ruled out.

6. STAT6, STAT1, and STAT2

Th2 cytokines, IL-4 or IL-13, activate signal transducer and
activator of transcription (STAT) 6 by binding to their
receptor IL-4R𝛼 that mediates JAK1 and JAK3, and further
activates STAT6 classical pathway. The critical role of STAT6
on IgE class switching,Th2 differentiation, and IL-4mediated
responses is supported by the fact that such effects are dras-
tically impaired in STAT6 knockout mice [41]. STAT6, upon
tyrosine phosphorylation, becomes active and translocates to
the nucleus by importin 𝛼-importin 𝛽1 receptors (Figure 3).
STAT6 also possesses the binding sites for importins 𝛼3 and
𝛼6 [42]. Little is known about the STAT6 complex crystal
structure; however, the data available in the literature suggests
that it can be regulated by targeting the importins respon-
sible for its translocation into the nucleus. This suggests an
important role of inhibiting or downregulating importins to
alleviate allergic diseases.

Both STAT1 and STAT2 are activated in response to
type I interferons, IFN-𝛼, IFN-𝛽, and IFN-𝜔. Both STAT1
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and STAT2 have an arginine/lysine-rich nuclear localization
signal. The tyrosine-phosphorylation on Tyr-701 and Tyr-69
on STAT1 and STAT2, respectively, results in the dimerization
of STAT1-STAT2, and this heterodimer translocates to the
nucleus. The NLS on STAT1-STAT2 heterodimer is recog-
nized by and binds to two importin 𝛼5 molecules that are
responsible for their translocation into the nucleus (Figure 3)
[43].

7. STAT3, ROR𝛾t, and Smad3

IL-6, a proinflammatory cytokine responsible for differenti-
ating Th0 cells into pathogenic Th17 cells, activates STAT3
transcription factor. STAT3 is also responsible for the Th17
cell differentiation. It binds to importin 𝛼3 and importin
𝛼6 and is actively transported into the nucleus with the
help of these karyopherins [44]. It has also been shown that
nuclear import of STAT3 occurs independent of tyrosine
phosphorylation. According to another study, it has been
shown to have binding sites for importin 𝛼5 and importin
𝛼7 as well; however, importin 𝛼7 has weak interactions with
STAT3 [45] (Figure 3).

IL-6 and TGF-𝛽 contribute to induce the expression
of ROR𝛾t (transcriptional factor, required for the initiation
and survival of Th17 cell). Other than our knowledge of its
involvement in mediating allergic immune diseases, there
is no information on its nuclear versus cytoplasmic move-
ment. However, there is no karyopherin-recognizable nuclear
localization sequence present on ROR𝛾t [46, 47]. Hence,
the translocation of ROR𝛾t from the cytoplasm into the
nucleus is carried by S6K2, a nuclear counterpart of S6K1,
which is induced by PI3 K-Akt-mTORC1 axis [47]. The S6K2
possess functional classical NLS at its C-terminus. It binds to
ROR𝛾t and then carries it into the nucleus from cytoplasm.
Since PI3 K-Akt-mTORC1 axis suppresses Gfi1 expression
to positively regulate Th17 differentiation and enhances the
S6K2 expression responsible for nuclear translocation of
ROR𝛾t, the PI3K-Akt-mTORC1 axis-S6K2 is a novel target to
limit the differentiation of pathogenicTh17 cell differentiation
and could thus be a useful therapeutic approach to control
allergic inflammation.

Smad3 is activated in response to TGF-𝛽, which is not
only a key factor involved in the expression of ROR𝛾t and
differentiation of Th17 cells, but also critical in the resolution
phase of inflammation by induction of fibrosis at the site
allergic reactions. Both importin𝛽 and importin 7 are utilized
in the transport of activated Smad3 from cytoplasm to
nucleus [48, 49] (Figure 3).

8. Allergic Immune Regulation by
Importins and Exportins

Recently, we found that vitamin D decreases airway hyperre-
sponsiveness and allergic airway inflammation via its recep-
tor VDR (vitamin D receptor) that acts to downregulate
importin 𝛼3 in ovalbumin-sensitized and -challenged mice
[11]. Although there are several mechanisms proposed in the
literature on the beneficial effect of vitamin D in alleviating

allergic immune responses, one of the potential targets is
importins [50]. Calcitriol, an activated form of vitamin D,
stimulates VDR and exerts its beneficial effect by suppressing
cell growth, cell proliferation and cell differentiation, and
immune regulation. VDR interacts with its response elements
in the nucleus and alters the transcription of the subsequent
target genes involved in the biological response. We also
found that vitaminD reduces allergic responses by increasing
the protein expression of prohibitin, amolecule that regulates
the activity of importins and its binding to inflammatory
transcription factors [51].

Prohibitin (PHB) is a protein that is expressed ubiq-
uitously in cell and mitochondrial membranes and in the
nucleus. It is a multifunctional protein that is implicated in
various regulatory functions such as proliferation, differenti-
ation, apoptosis, transcription, and protein folding [52]. The
expression of PHB decreases in the tissues under inflamma-
tory conditions, including inflammatory bowel disease and
airway inflammation, suggesting its potential role as an anti-
inflammatory gene [53]. Overexpression and/or restoration
of PHB in intestinal epithelial cells downregulated importin
𝛼3, an importin involved in NF-𝜅B nuclear translocation
[27]. Recently, under both in vitro and in vivo conditions, we
found the downregulation of importin 𝛼3 at both the mRNA
and protein levels by prohibitin in response to the activation
of calcitriol-activated VDR [11, 34]. In vitamin D-deficient
allergic asthmatic mice there was a significant reduction in
prohibitin due to an upregulation of importin 𝛼3 and thus
increased translocation of activated NF-𝜅B from the cyto-
plasm into the nucleus. In vitamin D-sufficient and vitamin
D-supplementedmice, theVDR compartments remain intact
to keep sufficient amount of prohibitin levels for controlling
cellular activity.This regulates importin 𝛼3-mediated nuclear
translocation of NF-𝜅B and thus reduces allergic airway
inflammation and airway hyperresponsiveness in response to
allergen challenge in allergen-sensitized mice [11]. Thus, in
inflammatory conditions, a decrease in expression of either
or both VDR and PHB leads to an increase in importin 𝛼3
expression and its activity, resulting in the exaggeration of
allergic inflammatory response.

Corticosteroids are potent anti-inflammatory agents and
regulate the activity of several transcriptional factors involved
in allergic inflammation [54]. Although there could be several
potential mechanisms for the underlying anti-inflammatory
effects of corticosteroids, one of the major effects is the
inhibition of nuclear translocation of activated transcription
factors, including GATA-3 and NF-𝜅B (Figure 4). Corticos-
teroids are highly efficient in suppressing Th2 cytokines in
the airways of individuals with allergic asthma. The anti-
inflammatory effect by corticosteroids is exerted via binding
to cytosolic glucocorticoid receptors (GR). After interacting
with their receptors, corticosteroid-GR complex translocates
to the nucleus from the cytoplasm where they bind to
the promoter region of steroid-sensitive genes containing
glucocorticoid response elements (GREs). The activated glu-
cocorticoid receptors suppress inflammatory action exerted
by NF-𝜅B via interaction with coactivator molecules. This
is achieved by inhibiting either the nuclear translocation of
NF-𝜅B by upregulating endogenous regulatory molecules,
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including prohibitin, or by inducing more inhibitory sub-
units, I𝜅B, of NF-𝜅B, to keep them inactive in the cytoplasm
(Figure 4).

The major event to exert anti-inflammatory effect is
mediated via the nuclear translocation of corticosteroid-
GR complex. The nuclear translocation signals responsible
for nuclear transport and retention of activated GR are
NL1 and NL2, where NL1 is similar in sequence to Simian
virus 40 and the NL2 of GR is poorly defined [55, 56].
These nuclear localization signals are present on importins
(Figure 4). Additionally, their nuclear export is mediated by
chromosomal region maintenance (CRM-1) pathway.

Several importins have been found to be involved in
the nuclear translocation of corticosteroid-GR complex. NL1
of GR binds to importin 𝛼 and is responsible for import-
ing corticosteroids into the nucleus. In addition, the other
importins involved in nuclear translocation of corticosteroid-
GR complex include importin 7, importin 8, and importin

13 [29, 48, 57, 58]. However, whether the NLS1 sequence, to
which these importins bind, is the same or different is not
very well understood [55] even though the presence of both
NLS1 andNLS2 onGR and its binding to importin-7 has been
found in nonmammalian cells, suggesting the crucial role of
bothNLSs for translocation ofGR into nucleus [55]. Importin
𝛽 stimulates the binding of GR to importin 𝛼, whether it is
involved in the translocation of GR into the nucleus is poorly
defined.

Recently, Hakim and colleagues [58] confirmed earlier
findings of Xiao et al. [48] that importin 7 is critical in
the translocation of glucocorticoid receptor from the cyto-
plasm into the nucleus (Figure 4). Also, the expression of
the cofactor of importin 7 complex, RanGTP, is reduced
during oxidative stress-induced corticosteroid insensitivity,
as shown in the presence of hydrogen peroxide [58]. Inter-
estingly, the degree of loss of importin 7 correlates well with
the reduction in GR nuclear translocation and insensitivity
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of corticosteroids [58]. In several cases of severe asthma and
chronic obstructive pulmonary disease (COPD), corticos-
teroids are not very effective [59]. In chronic inflammation,
biomarkers of oxidative stress such as oxidant hydrogen
peroxide and 8-isoprostane are upregulated, leading to exac-
erbated inflammation. This uncontrolled oxidative stress
results in glucocorticoid insensitivity in the biosystem [60].
The diminished expression of importin 7 can knock down
the protective effect of glucocorticoid receptors in human
macrophages cell line, which might support the critical role
of importin 7 in transporting GR from cytoplasm to the
nucleus [58]. However, whether or not the insensitivity of
corticosteroids in severe asthmatic and COPD patients is due
to the defect in importin 7 is not known and warrants further
studies in allergic subjects.

One of the mechanisms of corticosteroid-induced inhi-
bition of Th2 response could be due to the competition
between GR and GATA-3 to bind to importin 𝛼 since both
GR and GATA-3 utilize this karyopherin. Maneechotesuwan
et al. [60] reported that fluticasone, a synthetic corticosteroid,
either under in vitro conditions or upon inhalation causes
suppression in nuclear transport of GATA-3 in human T
lymphocytes. In this study, the interaction between GR and
importin-𝛼 was found to be very effective even at low
concentration of fluticasone.There was a reduction inGATA-
3-importin 𝛼 complex and an increase in GR-importin-
𝛼 interactions when fluticasone was inhaled by asthmatic
patients [60].

GR can also be carried into the nucleus by importin
7 and importin 13 [55, 58, 59] (Figure 4). Since NF-
𝜅B and AP-1 activity can also be inhibited by GR, it is
likely that GR has a higher affinity for the karyopherins
than the inflammatory transcription factors and/or activated
GR induces the production of endogenous inhibitors of
importins involved in the translocation of inflammatory
transcription factors. Therefore, any defect either in the
activation of GR or its translocation into the nucleus could

be responsible for the lack of responsiveness or decreased
response to corticosteroids. On the other hand, there could
be variants of importins that enhance the entry of GR to the
nucleus and thus enhance the response to corticosteroids.
Indeed, a genetic variant in importin 13 has been found to
be associated with improved PC

20
(i.e., decreased airway

hyperresponsiveness) to methacholine in mild-to-moderate
asthmatic children [61]. Accordingly, potential polymor-
phisms in various importins in allergic subjects could dictate
proinflammatory or anti-inflammatory response.

9. Outstanding Questions and
Future Directions

Since the nuclear import and export of the proteins occur
in highly systematic and organized manner, it is critical
to understand the precise regulatory mechanisms of the
importin and exportin molecules with respect to their syn-
thesis and function. This would assist in targeting specific
sites to allow for the development of better therapeutic
approaches in allergic diseases (Figure 5). Since several
importin molecules are nonspecific in nature, antagonists or
antibodies specifically against a particular importin might
not prove to be clinically beneficial. However, additional
knowledge regarding the precise control over the recruitment
and activation of a few key karyopherins could be beneficial
in the development of better therapeutic approaches. In addi-
tion, further studies regarding the absence and presence of
endogenous mediators that regulate karyopherins in clinical
allergic conditions would be informative. Potential poly-
morphisms and genetic variants in key importin molecules
and the epigenetic control of karyopherins are also wide
open fields for further investigation (Figure 5). At present,
there are no studies on the nucleocytoplasmic shuttling of
Foxp3 and T-bet, key transcription factors associated with
allergic diseases. Overall, the potential role of importins and
exportins in the regulation of allergic immune response is
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indeed both fascinating and challenging and thus warrants
further investigation.
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Inflamm-aging indicates the chronic inflammatory state resulting from increased secretion of proinflammatory cytokines and
mediators such as IL-6 in the elderly. Our principle objective was to identify cell types that were affected with aging concerning IL-6
secretion in the murine model. We compared IL-6 production in spleen cells from both young and aged mice and isolated several
types of cells from spleen and investigated IL-6 mRNA expression and protein production. IL-6 protein productions in cultured
stromal cells from agedmice spleen were significantly high compared to youngmice upon LPS stimulation. IL-6 mRNA expression
level of freshly isolated stromal cells from aged mice was high compared to young mice. Furthermore, stromal cells of aged mice
highly expressed IL-6 mRNA after LPS injection in vivo. These results suggest that stromal cells play a role in producing IL-6 in
aged mice and imply that they contribute to the chronic inflammatory condition in the elderly.

1. Introduction

The elderly show differences in their ability to resist disease
or injury compared to the young and adults, and some of
the noticeable features are alterations in the development and
maintenance of immune response and cellular function [1–3].
Aging process triggers suchlike changes of immune functions
and as a result of dysregulated immune functions against
infection and inflammation, a number of complications and
chronic medical conditions occur [3–5].

Systemic inflammatory response syndrome is induced by
dysregulated immune response to trauma or infection that
normally protective responses became harmful provoking
shock and organ dysfunctions [3]. Inflamm-aging indicates
the chronic inflammatory state resulting from increased
secretion of proinflammatory cytokines and mediators in the
elderly [6, 7]. Partly due to inflamm-aging, the elderly are
susceptible to autoimmune diseases, bacterial pathogens, and
viral exposure, and the occurrence of autoimmune diseases,

infectious diseases, and cancer increases in the elderly [8,
9]. Also a number of immune alterations, such as changed
cytokine profile, might facilitate allergic associated condi-
tions in the elderly [10, 11].

Proinflammatory cytokines, such as TNF-𝛼, IL-1, and IL-
6, are significantly related to the age-associated diseases and
disability, and these are important factors on inflammatory
response in the elderly [12–14]. Especially, IL-6 is considered
as a dependable aging parameter [15]. Aged IL-6 knockout
mice show reduced mortality compared to wild type mice
after injection with LPS and anti-IL-6 receptor antibodies
are good formulation for rheumatoid arthritis [3]. IL-6
produced in multiple tissues during inflammation stimulates
immune process, and the production of IL-6 is elevated in
some tissues of aged mice compared to young adult mice
such as lung, kidney, skeletal muscle, heart, fat, and spleen
[3, 16]. And under stressful or depressed conditions, IL-6
levels are increased [17]. Moreover, IL-6 is detected in high
levels in disease conditions including autoimmune disease,
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such as rheumatoid arthritis, atherosclerosis, diabetes, and
inflammatory-bowel diseases [18, 19]. It implies that IL-
6 might play roles that boost the risk and mortality in
inflammation in the elderly.

IL-6 ismainly produced by cells such asmacrophages and
dendritic cells. In secondary lymphoid organs (SLOs), where
immune responses are initiated, a number of hematopoietic
cells, including macrophages and dendritic cells which were
mentioned above, interact with each other [20]. In addition
to these immune cells, stromal cells are also present in
SLOs. Stromal cells have been considered as cells that do not
significantly affect the immune response but give a structural
support to the lymphoid organs; however, the functions of
stromal cells in immune homeostasis and immune responses
have begun to emerge [21].

In this study, our principle objective was to identify cell
types that were affected by aging concerning secretion of
IL-6 in the murine model. To answer these questions, we
compared IL-6 production in splenocytes from both young
and aged mice and isolated a number of cell types from
spleen and investigated IL-6mRNAor protein expression.We
found that stromal cells express IL-6 highly with aging both
in noninflammatory and inflammatory conditions.

2. Materials and Methods

2.1. Animals. C57BL/6 and BALB/c female mice were
obtained from CLEA Japan (Tokyo, Japan). The mice were
used in the experiments at 2–4mo for young mice and at
11–18mo for aged mice, respectively. All procedures were
performed in accordance with the guidelines for animal use
and care of the University of Tokyo.

2.2. Culture Medium. Cells were cultured in RPMI 1640
medium supplemented with 5% FCS, 100U/mL penicillin,
100 𝜇g/mL streptomycin, 3mM L-glutamine, and 50𝜇M 2-
mercaptoethanol.

2.3. Isolation of Cells and Cell Culture. Spleens were removed
from mice and digested with collagenase type 1. After red
blood cell lysis, white blood cells were counted. Five × 105
whole splenocytes were seeded in 96-well plates in 200𝜇L
RPMI medium and incubated for 24 hours at 37∘C and
5% CO

2
. Macrophages, CD11c+ dendritic cells, and CD45−

stromal cells were isolated by MACS (Miltenyi Biotech,
Bergisch-Gladbach, Germany). In short, cells were incu-
bated with anti-mouse F4/80, CD11b, CD11c, and CD45−
coated magnetic beads (Miltenyi Biotech), respectively, and
selected on MACS separation columns (Miltenyi Biotech).
Macrophages were prepared by F4/80 positive selection
or CD11c negative selection and CD11b positive selection.
Dendritic cells were isolated as CD11c+ cells and stromal
cells as CD45− cells, respectively. In certain experiments,
CD45+ cells were also used. MACS purified macrophages,
dendritic cells, or CD45+ cells were seeded in 96-well
plates (5 × 105 cells/well) in 200𝜇L RPMI medium with
or without LPS and cultured for 24 h. Five × 104 cells of

CD45− stromal cells were cultured in the same manner as
above. Since the splenic CD45− stromal cells form a dense
network and FRCs, a kind of stromal cells, are connected to
each other in spleen forming a three-dimensional reticulum,
lower concentrations of cells were used for measurement
of IL-6 protein production compared to other cell types
[22, 23].

2.4. Exposure to LPS. Acute inflammationwas induced by i.p.
injection with LPS derived from E. coli (Sigma-Aldrich, St.
Louis, MO, USA). LPS was dissolved in phosphate-buffered
saline (PBS) and administered by i.p. with a dose of 3.3 𝜇g/g
body weight in 100 𝜇L in in vivo experiments. In control
mice, PBS was injected. Ninety minutes after LPS injection,
mice were sacrificed and spleens were aseptically removed.
For in vitro experiments, LPS dissolved in distilled water was
diluted to 1 𝜇g/mL and 10 𝜇g/mL with RPMI medium. Cells
were culturedwith LPS for 24 h and culture supernatantswere
subjected to ELISA.

2.5. Measurement of IL-6. IL-6 level in the culture super-
natant was assayed by enzyme-linked immunosorbent assay
(ELISA). Cells were cultured with medium containing 0, 1,
or 10 𝜇g/mL LPS. Supernatants were collected after 24 h and
analyzed by ELISA.

2.6. Quantitative PCR. Total RNA was isolated from purified
cells by QIA shredder and RNeasy Mini kit (QIAGEN, Ger-
mantown, MD, USA) and by SV total RNA isolation system
(Promega, Madison, WI, USA) from organs. Quantitative
PCR reaction was performed with SYBR green PCR master
mix (QIAGEN). Gene expression levels for each sample
were normalized to GAPDH serving as internal standard.
Sequences of the forward and reverse primers were as fol-
lows: GAPDH (Gapdh), 5-TGTCCGTCGTGGATCTGAC-
3 and 5-CCTGCTTCACCACCTTCTTG-3; IL-6 (Il6), 5-
TGGAGTCACAGAAGGAGTGGCTAAG-3 and 5-TCT-
GACCACAGTGAGGAATGTCAA-3; IL-17A (Il17a), 5-
GAAGCTCAGTGCCGCCA-3 and 5-TTCATGTGGTGG-
TCCAGCTTT-3; IL-1𝛽 (Il1b), 5-CAGGATGAGGACATG-
AGCAC-3 and 5-CAGTTGTCTAATGGGAACGTCA-3.

2.7. Cell Population with Flow Cytometry Analysis. Spleens
were recovered from young and aged mice and spleen cells
were used for flow cytometry analysis after red blood cell
lysis. Cell staining for flow cytometry was performed at 4∘C
after Fc-block step for 15min with the following monoclonal
antibodies: FITC-conjugated anti-CD11b, FITC-conjugated
anti-CD4, FITC-conjugated anti-CD45, PE-conjugated anti-
F4/80, PE-conjugated anti-gp38, biotinylated anti-CD31, and
PE-conjugated anti-B220 for 20min. All data were analyzed
with FlowJo.

2.8. Statistical Analysis. Results comparisonswere performed
by Student’s t-test. A value of P < 0.05 was considered to be
significant.
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3. Results

3.1. IL-6 Production of Spleen Cells Is Higher in Aged Mice
Compared to Young Mice. To examine the aging effect on
IL-6 protein production levels in the spleen of young and
aged mice in vitro, splenocytes of young and aged mice were
incubated with or without LPS for 24 h. After incubation,
we analyzed IL-6 protein concentrations in supernatant by
ELISA. IL-6 protein concentrations increased in the super-
natant dependent on LPS concentration in both young and
agedmice splenocytes (Figure 1(a)). In the spleen cells of aged
mice, stimulation of LPS led to IL-6 protein upregulation in
the supernatant, while in young mice splenocytes, although
the concentration of IL-6 protein increased when stimulated
with LPS, this was only a modest increase. The difference
of IL-6 protein levels between young and aged mice became
significantly greater in LPS-concentration dependent man-
ner. Similar results were obtained not only for C57BL/6 mice
but also for BALB/c mice (data not shown). Macrophages
are well known for important cells that produce the major
proinflammatory cytokines such as IL-6 and TNF-𝛼 [24].
To analyze the effect of the aging process on the IL-6
secretion of splenic macrophages, macrophages were isolated
from spleen using two different cell markers. F4/80+ cells
and CD11b+CD11c− cells were prepared by using MACS.
In either case, macrophages produced higher levels of IL-
6 protein in young mice group than aged mice group
after LPS stimulation (Figures 1(b) and 1(c)). Dendritic cells
are also known as a source of IL-6 [25]. Dendritic cells
from young and aged mice were isolated and IL-6 protein
levels were investigated. Dendritic cells from the aged mice
group produced slightly higher amounts of IL-6 proteins
compared to young mice dendritic cells (Figure 1(d)). In case
of the expression of IL-6 mRNA, however, the differences
between young and aged mice were negligible (data not
shown). Our results show that aging process does not affect
the function of macrophages and dendritic cells in IL-6
secretion.

3.2. Stromal Cells from Aged Mice Produce Higher Levels of
IL-6 Compared to Those from Young Mice. To identify cells
that highly produce IL-6 protein with aging, we next focused
on stromal cells. We isolated CD45− stromal cells from
young and aged mice spleen by MACS. FACS analysis was
performed and the cell populationwas characterized as>98%
for CD45− stromal cells. The IL-6 protein production levels
were high in aged mice compared to young mice in all tested
LPS concentrations (0, 1, and 10 𝜇M) (Figure 2(a)). CD45−
stromal cells from young mice produced lower amounts of
IL-6 protein than those from agedmice and they showed only
modest changes in IL-6 protein production when stimulated
by LPS. Contrary to young CD45− stromal cells, aged CD45−
stromal cells yielded higher levels of IL-6 protein even in
noninflammatory state, and by stimulating with LPS, IL-
6 production further increased and the production was
significantly high compared to those of young mice. We then
extracted RNA from freshly isolated CD45− stromal cells and
mRNA levels were investigated. Expression of IL-6 mRNA

Table 1: The expression of surface markers on splenocytes of young
and aged mice.

Young Aged
F4/80+ 3.87 ± 1.59 3.57 ± 0.70
CD11b+ 7.17 ± 2.63 5.87 ± 0.39
CD11c+ 0.56 ± 0.13 0.78 ± 0.05
B220+ 63.07 ± 2.26 61.08 ± 4.33
CD4+ 17.15 ± 1.62 18.63 ± 2.95
CD45− 1.80 ± 2.35 2.81 ± 2.76
Splenocytes were obtained from young and aged mice (𝑛 = 4∼5). Cells were
stained for the surface markers F4/80, CD11b, CD11c, B220, CD4, and CD45.
Values indicate the mean percentages of each subset. Data are expressed as
the mean ± SD.

was significantly increased in the aged CD45− stromal cells
(Figure 2(b)).

3.3. Cell Populations of Spleen Both of Young and Aged Mice
Do Not Show Age-Dependent Differences but Those of Splenic
CD45− Stromal Cells Show Different Profile. Cell populations
might change with aging in spleen, and the difference in cell
population may influence the overall production of IL-6 in
the spleen of young and aged mice. The absolute cell number
of spleen from aged mice was higher than young mice, which
of young mice was 2.46 × 108 ± 0.58 × 108 and aged mice was
3.26 × 108 ± 1.07 × 108. To analyze the effect of population,
we characterized the proportion of cells expressing F4/80+,
CD11b+, CD11c+, CD4+, B220+, and CD45− in spleen of
young and agedmice by performing flow cytometric analysis.
Aging process does not significantly affect cell population
in the spleen and it was suggested that the difference in
IL-6 production of splenocytes between young and aged
mice was not due to the difference of the proportion of
each cell population (Table 1). Flow cytometry analyses were
performed to analyze distribution of populations within
CD45− stromal cells (Figure 3). Difference between young
and aged mice was observed in BEC population of CD45−
stromal cells. CD45− stromal cells of aged mice show high
population of BEC and low population of DNC.

3.4. IL-6 Secretion of CD45− Stromal Cells but Not CD45+
Cells Is Enhanced by Aging. To investigate further whether
the enhanced IL-6 secretion of splenocytes from aged mice
results from IL-6 production of aged CD45− stromal cells,
we cultured CD45− stromal cells and CD45+ cells from aged
and young mice and these cells were activated with LPS
for 24 h. Five × 104 of CD45− stromal cells and 5 × 105
of CD45+ cells from young and aged mice were incubated
respectively and we confirmed that CD45− stromal cells of
aged mice secreted almost the same amount of IL-6 protein
as ten times the number of CD45+ cells (Figure 4). When
CD45+ cells were incubated, CD45+ cells from young mice
secreted significantly higher IL-6 protein than those of aged
mice. The results suggested that the higher IL-6 production
from splenocytes of aged mice compared to young mice was
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Figure 1: IL-6 protein production in splenocytes and their subpopulations from young and aged mice (𝑛 = 2∼4). Whole splenocytes (a),
spleen-derived F4/80+ cells (b), CD11b+/CD11c− cells (c), andCD11c+ cells (d) from young and agedmicewere culturedwith 0, 1, and 10 𝜇g/mL
LPS for 24 hours. Supernatants were collected from the cell culture and IL-6 was measured by ELISA. The results are expressed as mean ±
SD. The data are the representative of two similar experiments. ∗P < 0.05.
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Figure 2: IL-6 protein induced by LPS in CD45− stromal cells and IL-6 mRNA expression level in fresh stromal cells. (a) Splenic CD45−
stromal cells from young and aged mice were cultured with 0, 1, and 10 𝜇g/mL LPS for 24 hours, and IL-6 in the supernatant was measured
by ELISA. ∗P < 0.05. The data are the representative of two similar experiments (𝑛 = 6). (b) IL-6 mRNA of freshly isolated splenic CD45−
stromal cells from young and aged mice (𝑛 = 3) was measured by quantitative RT-PCR.The results are expressed as mean ± SD. The average
normalized IL-6 mRNA level in aged mice was set at 1.0. ∗P < 0.05.
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Figure 3: Splenic stromal cell populations of young and aged mice.
SPL whole cells from young and aged mice were stained with anti-
CD45, anti-CD31, and anti-gp38. Numbers in quadrants indicate
percentage of each stromal cell subset among CD45− cells. The data
are the representative of three similar experiments (𝑛 = 3).

due to the enhanced production of IL-6 in stromal cells of
aged mice.

3.5. IL-6 Expression Was Elevated in Splenic Stromal Cells of
Aged Mice after LPS Stimulation In Vivo. To investigate age-
related overexpression of IL-6 after LPS stimulation in vivo,
mice were injected i.p. with LPS, and IL-6 mRNA expres-
sion of splenocytes was assessed. We found that after LPS
stimulation in vivo, aged mice spleen expressed significantly
higher levels of IL-6 mRNA (Figure 5). To further elucidate

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

∗ ∗

(n
g/

m
L)

Young
Young

Aged
Aged

CD45−
CD45+

— —
——

Figure 4: IL-6 protein induced by LPS in CD45− or CD45+ cells.
Spleen-derived CD45− or CD45+ cells from young and aged mice
(𝑛 = 4) were cultured with 10𝜇g/mL LPS for 24 h. Supernatants
were collected from the cell culture and were analyzed for IL-6 by
ELISA. The results are expressed as mean ± SD. The data are the
representative of two similar experiments.

whether CD45− stromal cells of spleen exhibited age-related
differences in IL-6 mRNA levels after LPS administration in
vivo, spleens were obtained from young and aged mice after
LPS injection, and stromal cells were isolated. As expected,
CD45− stromal cells of aged mice expressed significantly
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Figure 5: IL-6 and IL-17 mRNA expression levels in whole spleen cells and CD45− stromal cells in vivo after LPS intraperitoneal
administration for 1.5 h. (a) IL-6mRNA of freshly isolated whole spleen cells from young and agedmice (𝑛 = 3) was measured by quantitative
RT-PCR after LPS injection (3.3𝜇g/g body weight). The average normalized IL-6 mRNA level in aged mice was set at 1.0. (b) IL-6 mRNA of
splenic CD45− stromal cells from young and aged mice (𝑛 = 5) sacrificed 1.5 h after injection was measured by quantitative RT-PCR. The
average normalized IL-6 mRNA level in aged mice was set at 1.0. ∗P < 0.05. (c) IL-17 mRNA and (d) IL-1𝛽 of freshly isolated whole spleen
cells from young and aged mice (𝑛 = 3) were measured by quantitative RT-PCR after LPS injection. The average normalized IL-17 mRNA
level in aged mice was set at 1.0. The results are expressed as mean ± SD.
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higher IL-6 mRNA after LPS stimulation in vivo (Figure 5).
Since it is reported that IL-17 can enhance IL-6 production
in concert with IL-6 in nonimmune cells, we also examined
the expression of IL-17 mRNA [16]. The results demon-
strated that IL-17 mRNA expression was also significantly
higher in splenocytes of aged mice compared to young mice
(Figure 5). In addition, it is reported that IL-1𝛽 also can
induce higher level of IL-6 mRNA [26]; we investigated IL-
1𝛽 mRNA expression. The results demonstrated that IL-1𝛽
mRNAexpressionwas also significantly higher in splenocytes
of aged mice compared to young mice (Figure 5).

4. Discussion

In this study, we examined the effect of aging process on IL-
6 secretion, a proinflammatory cytokine, in several types of
cells from spleen of young and aged mice. In autoimmune
diseases, unbalance and dysregulation of proinflammatory
cytokines are considered to play a pivotal role to develop
autoimmunity [27]. Patients with elevated IL-6 show higher
mortality and organ failure and anti-IL-6 receptor anti-
body is supposed to be effective medication for rheumatoid
arthritis and Castleman’s diseases [28]. It implies that IL-
6 is a critical factor in autoimmune diseases, especially in
rheumatoid arthritis [29–31]. There are a number of studies
concerning cytokine secretions in aged mice and analyzing
the age-related defects by showing changes of proinflamma-
tory cytokines [7]. Aged mice have been shown to express
increased levels of IL-6, including the serum IL-6 level after
LPS treatment, and the results of our present study are
consistent with these reports [3, 32–34].

In rheumatoid arthritis, it has been proposed that bacte-
rial infections might play important roles, so the expression
of proinflammatory cytokines in response to bacterial stimu-
lation may also be important [35]. In this study, we observed
that, upon LPS stimulation, splenocytes of agedmice secreted
more IL-6 than those of young mice.

There are many cell types in the spleen including
macrophages, dendritic cells, and other immune and nonim-
mune cells. We separated several types of cells from spleen
and cultured these cells with or without LPS to identify cells
that play roles in production of IL-6 with aging in inflamma-
tory andnoninflammatory environmentwith young and aged
mice. Althoughmacrophages produce IL-6 in the early phase
of infectious inflammatory response [36], we found that the
aging process does not affect the IL-6 production of these
cells. Similarly, dendritic cells fromboth young and agedmice
had almost similar ability to secrete IL-6. Rather, we found
that the IL-6 production of CD45− stromal cells was greatly
increased in aged mice. We separated CD45− stromal cells
from young and aged mice spleen and cultured these cells
with or without LPS for 24 h. Our results showed that CD45−
stromal cells of aged mice strongly produced IL-6 even
under the noninflammatory condition, and the IL-6 protein
production increased upon LPS stimulation (Figure 2). In
addition, IL-6mRNAwas expressed highly in freshly isolated
CD45− stromal cells from aged mice compared to young
mice, which alludes to the function of CD45− stromal cells

in secreting IL-6 changes with aging. To further investigate
the effect of CD45− stromal cells on IL-6 protein production
of spleen upon LPS stimulation, we cultured CD45+ cells
and CD45− stromal cells under LPS stimulated condition
for 24 h, respectively. CD45+ cells from young mice secreted
higher IL-6 protein compared to aged mice, suggesting that
CD45+ cells do not play a role in increased production of IL-
6 with aging. This demonstrates that although hemopoietic
cells other than dendritic cells may produce IL-6, the level
of production did not differ between young and aged mice,
and these cells did not contribute to the IL-6 secretion. And
although the proportions of T cell subsets may have changed
with aging, we consider that the effect on the production of
IL-6 should be minimal. CD45− stromal cells from agedmice
secreted almost the same amount of IL-6 protein with CD45+
cells with one-tenth of CD45+ cells and CD45− stromal cells
from agedmice showed three times higher IL-6 protein yields
than young mice. These results suggest that CD45− stromal
cells are crucial to increase the IL-6 protein production after
LPS stimulation in aging process. CD45− cell population
can be distinguished into four groups depending on the
expression of CD31 and Gp38 on the cell surface, BECs
(blood endothelial cells, CD31+Gp38−), FRCs (fibroblastic
reticular cells, CD31−Gp38+), LEC (lymphatic endothelial
cells, CD31+Gp38+), and the double negative populations
[20]. The distribution of subsets of these CD45− stromal cells
changedwith aging (Figure 3).TheBECpopulation increased
in CD45− stromal cells of aged mice. Although the ratio of
CD45− stromal cells did not differ, the composition of CD45−
stromal cells changed with aging. It implies that altered
distribution of CD45− stromal cells with aging, especially
increased population of BECs, might contribute to augment
IL-6 production.

IL-6 is chiefly regulated by NF-𝜅B [4]. We investigated
NF-𝜅B p65 activation by western blotting using nuclear
protein of splenocytes from young and aged mice. NF-𝜅B
p65 protein content of nuclear extracts from aged mice was
high compared to young mice (data not shown). It implies
that, via activated NF-𝜅B p65, IL-6 is induced and results in
a characteristic proinflammatory profile in aged mice. The
molecular mechanism of IL-6 secretion from stromal cells is
still not clarified, but this would require a novel approach and
would be a subject of future study.

Recent data showed that IL-17 stimulates stromal cells to
induce production of inflammatory mediators such as IL-
6 in concert with IL-6, which indicates an IL-17-mediated
IL-6 amplifying system [16, 37, 38]. Under the presence
of IL-17, nonimmune cells including fibroblasts can secrete
increased amounts of cytokines in response to infection. IL-
17 treatment alone, however, is a poor stimulus for gene
expression in these cells. Nevertheless, if IL-17 cooperates
with other cytokines, especially TNF-𝛼 and IL-6, synergic
response would occur and therefore it might be considered as
a potential mechanism that in agedmice IL-6 production can
increase significantly by IL-17A-triggered positive-feedback
loop mediated by IL-17 and IL-6 [39]. We investigated IL-6
and IL-17A mRNA of young and aged mice spleen after 1.5 h
LPS injection in vivo and our results show that splenocytes
of aged mice highly expressed IL-6 and IL-17A mRNA than
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young mice spleen. Also, we confirmed that CD45− stromal
cells fromagedmice expressed 5-fold higher IL-6mRNAafter
1.5 h LPS injection than from young mice. Our results imply
that highly produced IL-6 by stromal cells and IL-17A in aged
mice trigger the IL-6 amplifier and it results in increasing IL-6
production in aged mice spleen. It has been reported that IL-
1𝛽 produced in LPS-injected mice stimulates cardiac cells to
produce IL-6 [26].We also found that expression of IL-1𝛽was
higher in splenocytes of aged mice compared to young mice
after LPS injection. Yet another possibility may be that IL-1𝛽
produced upon LPS stimulation enhances IL-6 secretion in
aged mice.

Our observations that increased IL-6 expression in
splenic CD45− stromal cells of aged mice suggest general
etiological mechanisms of the chronic inflammatory condi-
tion found in the elderly, referred to as inflamm-aging. Such
altered immune functions might have influence on devel-
oping diseases, susceptibility to infections, and conditions
related to allergy in the elderly. In both of our in vivo and in
vitro results, stromal cells play a role of causing difference in
IL-6 production between young and aged mice.These results
propose that increased risk with age of autoimmune diseases,
especially induced by IL-6, is due partly to elevated IL-6
production by stromal cells. Additional studies are needed
to make clear the mechanisms related to elevated secretion
of IL-6 in stromal cells with age. And to better understand
age-related IL-6 production in stromal cells, further studies
concerning secretion of IL-6 in each subset of stromal cells
might be necessary.

5. Conclusions

In conclusion, our results showed that, in the mouse spleen,
the production of IL-6 was elevated with aging and that
IL-6 production by stromal cells played a major role in
this enhancement. Our results suggest the possibility that
augmented production of proinflammatory cytokines such
as IL-6 by stromal cells might be a cause of inflammatory
diseases in the elderly.
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The roles of eosinophils in antimicrobial defense remain incompletely understood. In ovalbumin-sensitized mice, eosinophils are
selectively recruited to the peritoneal cavity by antigen, eotaxin, or leukotriene(LT)B4, a 5-lipoxygenase (5-LO) metabolite. 5-LO
blockade prevents responses to both antigen and eotaxin.We examined responses to eotaxin in the absence of sensitization and their
dependence on 5-LO. BALB/c or PAS mice and their mutants (5-LO-deficient ALOX; eosinophil-deficient GATA-1) were injected
i.p. with eotaxin, eosinophils, or both, and leukocyte accumulation was quantified up to 24 h. Significant recruitment of eosinophils
by eotaxin in BALB/c, up to 24 h, was accompanied bymuch larger numbers of recruited neutrophils andmonocytes/macrophages.
These effects were abolished by eotaxin neutralization and 5-LO-activating protein inhibitor MK886. In ALOX (but not PAS)
mice, eotaxin recruitment was abolished for eosinophils and halved for neutrophils. In GATA-1 mutants, eotaxin recruited neither
neutrophils nor macrophages. Transfer of eosinophils cultured from bone-marrow of BALB/c donors, or from ALOX donors, into
GATA-1 mutant recipients, i.p., restored eotaxin recruitment of neutrophils and showed that the critical step dependent on 5-LO is
the initial recruitment of eosinophils by eotaxin, not the secondary neutrophil accumulation. Eosinophil-dependent recruitment
of neutrophils in naive BALB/c mice was associated with increased binding of bacteria.

1. Introduction

Eosinophils are a minority granulocyte population, which
contributes to the pathophysiology of allergic inflammation,
hypereosinophilic syndromes, and some malignancies [1–
4]. A role for eosinophils in resistance to multicellular
(helminth) parasites has long been proposed, based on the
strong association of blood and tissue eosinophilia with
worm infections and on the evidence that eosinophils can
damage or kill helminths, in specific experimental condi-
tions [5, 6]. Nevertheless, a generally protective in vivo
role for eosinophils against worm infections remains elusive

[4], partly because host responses to multicellular parasites
represent a compromise between the competing needs to
reduce parasite burden and to limit immune-mediated tissue
damage, to which eosinophils significantly contribute [7, 8].

Alternatively, mechanisms through which eosinophils
may directly fight infection by various classes of microbial
(bacterial, fungal, protozoal, or viral) pathogens include
secretion of antimicrobial defensin-like proteins [9]; release
of sticky cellular contents that capture pathogens, closely
resembling neutrophil extracellular traps [10]; secretion of
halogen microbicidal derivatives [11]; release of enzymes
with antiviral activity and other roles in innate immunity
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[12, 13]; and secretion of a wide array of immunoregulatory
cytokines [14]. While the contribution of eosinophils to
immunity as directly antimicrobial effector cells is likely
limited by their scarcity, they could be helpful in conditions
in which neutrophil access or macrophage function would be
reduced: for neutrophils, tissue entry is restricted in normal
conditions [15]; regarding macrophages, their microbicidal
effector function is highly dependent on appropriate activat-
ing signals, including cytokines [16]. By contrast, eosinophils
are far more numerous in normal tissues than in blood and
home to mucosal interfaces with the environment [2–4],
which represent potential gateways for microbial infection.
They are a source of numerous immunoregulatory cytokines
[13] and lipid mediators [17], which might play a role in
recruitment/activation of other leukocyte subtypes.

Because of the scarcity of eosinophils, many important
observations were made in conditions in which their num-
bers are already increased, due to allergic sensitization or
experimental helminth infection, such as the discovery of
eotaxin (CCL11), a chemoattractant that induces eosinophil
accumulation in the skin of sensitized (i.e., eosinophilic)
guinea pigs [2, 3, 18].While other potent eosinophil chemoat-
tractants, such as PGD2 [19, 20] and oxo-ETE [21], have
also been characterized, many factors reinforce the current
understanding of eotaxin as a specialized chemoattractant
which acts primarily on granulocyte subtypes relevant to
allergy and worm infections [2–4]. These factors include the
reported selectivity of eotaxin for the eosinophil [4, 17, 22, 23]
and basophil [20, 24, 25] lineages, and its interaction with
hematopoietic cytokines, such as IL-5 [26, 27] and GM-CSF
[27], which promotes eosinophil production in bone marrow
[27] and extramedullary sites [26], ultimately inducing blood
and tissue eosinophilia [4]. The alternative view, namely, that
eotaxin is part of a broader regulatory network comprising
multiple cell populations in addition to eosinophils and
basophils, is also suggested by observations of a wide variety
of eotaxin effects, including its ability to attract neutrophils
andmacrophages [28] and smoothmuscle cells [29]. Eotaxin,
also produced by fibroblasts [30, 31], has been associated with
fibrotic processes in several settings [32, 33].

Within this wider framework, we have reexamined
whether, in a nonsensitized host, eotaxin would recruit other
leukocyte populations besides eosinophils and basophils and
further examined whether its effects were dependent on
5-lipoxygenase (5-LO), the key enzyme in the leukotriene
production by eosinophils [17, 27]. The evaluation of both
aspects was prompted by observations inmice which develop
eosinophilia in response to subcutaneously implanted insolu-
ble antigen pellets [34]. While i.p. challenge of implant recip-
ients with soluble allergen selectively recruited eosinophils
to the peritoneal cavity, this effect was blocked by the 5-
LO-activating protein inhibitor, MK886, and duplicated by
the 5-LO product, LTB4, neither of which is eosinophil-
selective. Importantly, eotaxin, which duplicated the effects of
allergen, was equally blocked byMK886. Equally unexpected
was the failure of LTB4, a potent neutrophil chemoattrac-
tant, to recruit neutrophils, while it effectively attracted
eosinophils in this allergic model. These observations raised
the possibility that the eosinophil selective effect of both

chemoattractants (eotaxin and LTB4) observed in vivo was
dependent on the host being sensitized. We tested this
hypothesis for eotaxin first, by examining its effects in a naı̈ve
host, as well as the effect of 5-LOblockade on the effectiveness
of eotaxin. We report that eotaxin recruits a mixed leukocyte
population to the peritoneal cavity of näıve mice and provide
evidence of essential roles for both 5-LO and eosinophils in
the accumulation and functional activation of neutrophils in
this model.

2. Materials and Methods

2.1. Reagents. RPMI 1640medium (SH30011.01) and fetal calf
serum (SH30088.03) were from Hyclone (Logan, UT); Peni-
cillin 100U/mL (PEN-B), Streptomycin 100mg/mL (S9137),
Ovalbumin (grade II and grade IV), isotonic Percoll, and
Histopaque density 1.083 solution from Sigma-Aldrich (St.
Louis, MO); recombinant murine Eotaxin (250-01) from
PeproTech (Rocky Hill, NJ); and recombinant murine IL-5
from R&D; MK-886 (475889) 1mg/kg from Cayman Chem-
icals (Ann Arbor, MI), dissolved in 0.1% methylcellulose,
was given as an intragastric bolus in a 0.2mL volume [33].
Rat anti-murine eotaxin monoclonal neutralizing antibody
(clone 42285) and rat anti-murine IgG2a control monoclonal
antibody of matched isotype (clone 54447) were from R&D
(Minneapolis, MN).

2.2. Animals and Animal Handling. Inbred mice, male
and female, aged 8–10 weeks, provided in SPF condition
by CECAL-FIOCRUZ (Rio de Janeiro), were of the fol-
lowing strains: BALB/c; ALOX (5-LO-deficient) and PAS-
129 (wild-type control of the same background) [27]; and
BALB/c mutants lacking an enhancer element in the pro-
moter region of gene coding for the GATA-1 transcription
factor [35], required for eosinophil lineage determination
(GATA-1 mice, for short). Animal housing, care, and han-
dling followed institutionally approved (CEUA number L-
010/04, CEUA number L-002/09) protocols. Naive animals
received eotaxin i.p., in 0.2mL of RPMI 1640 medium with
Penicillin/Streptomycin. Controls received medium (RPMI).
After the indicated times, animals were killed in a CO

2

chamber, and peritoneal lavage was carried out with 10mL
chilled RPMI. For sensitized animals, see Section 2.6.

2.3. Neutralization of Eotaxin Activity. 50 ng eotaxin was
incubated with 5𝜇g anti-eotaxin neutralizing antibody or
5 𝜇g isotype-matched anti-IgG2a antibody, in a final volume
of 200𝜇L, for 30 minutes, before injection into each BALB/c
recipient. 4 h later, peritoneal lavage fluid was collected from
the injected mice and handled as detailed above.

2.4. Collection, Enumeration, and Staining of Peritoneal
Leukocytes. Peritoneal lavage cells werewashed at 500×g and
resuspended in 2mL RPMI. Total counts were carried out
in a hemocytometer after a 1 : 10 dilution in Turk’s solution.
Differential counts were done on Giemsa-stained (ice-cold
methanol-fixed, air-dried, andGiemsa-stained for 5minutes)
cytocentrifuge smears (500 rpm, 8 minutes in a Cytospin 3,
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Thermo Scientific, Waltham, MA), by counting at least 300
cells in 1000x magnification under oil.

2.5. Bacteria and Phagocytosis Assay. We used nonpathogen-
ic Escherichia coli bacteria (clone DH5, provided by Dr. Z.
Vasconcelos, from INCA and FIOCRUZ, Rio de Janeiro)
genetically altered to constitutively express the gene for green
fluorescent protein (GFP), grown in LB broth. The cells
obtained in the peritoneal lavage of BALB/c mice, induced
by eotaxin or RPMI, were subjected to total cell count as
well as differential neutrophil counts as previously described.
Then 5 × 105 neutrophils were incubated for 30 minutes, in
the dark at room temperature, with the bacteria in a 1 : 400
proportion.The cells were then washed and the resulting cell
suspension was run in a FACScalibur flow cytometer (Becton
Dickinson Immunocytometry Systems, San Jose, CA), with
the acquisition of at least 50.000 events, and analyzed with
the help of Summit 4.3 software (Dako Cytomation, UK).

2.6. Eosinophil Procedures. For eosinophil transfer studies,
where indicated, BALB/C,ALOXor PASmicewere sensitized
(100 𝜇g ovalbumin grade IV and 1,6mg alum in a final volume
of 400𝜇L saline per animal, two s. c. injections in the dorsum,
at days 0 and 7) and challenged (ovalbumin grade IV, 1 𝜇g
in 400 𝜇L saline i.p. at day 14) according to Ebihara and
colleagues [36]. Bone marrow was collected 48 h after i.p.
challenge, examined, and cultured as previously described
elsewhere [37]. Briefly, bone-marrow cultures were estab-
lished for 5 days at 37∘C in 95% air/5% CO2, in RPMI1640,
with 10% FBS and 5 ng/mL IL-5, at a culture density of 1 ×
106 cells/mL. The nonadherent cells were then collected and
loaded on top of 3mLof aHistopaque-1083 solution, followed
by centrifugation at 400×g, 20∘C, 35minutes, without brakes.
The mononuclear cell ring and the supernatant were dis-
carded; the granulocyte-rich pellet was collected, washed and
resuspended in 3mLRPMI, and used for total and differential
counts as above.The suspension contained≥80% eosinophils,
with no neutrophils, and the minor contaminant population
consisted of macrophages alone, which do not interfere with
the interpretation of transfer experiments. Where indicated,
naive GATA-1, ALOX, or PAS recipient mice were injected
with 1 × 106 eosinophils from the appropriate donors (see
below) i.p., followed by eotaxin 50 ng/mL, and leukocyte
accumulationwasmonitored in the peritoneal lavage fluid 4 h
after eotaxin injection, as above.

For flow cytometric studies of CCR3 expression, the
following modification of this protocol was adopted, for it
yielded eosinophils of higher purity: sensitized mice were
challenged twice, initially by aerosol exposure (1 h, Ovalbu-
min grade II, 2.5%, w/v, at day 14) and 7 h later with soluble
ovalbumin i.p. (grade IV, 1 𝜇g in 400 𝜇L saline). Bonemarrow
was collected 24 h after aerosol challenge and cultured as
above, after separation on a Percoll gradient (75%/60%/45%
isotonic Percoll, 100×g, 20min, room temperature). The
hematopoietic cells from the 45%/60% interface [38] were
cultured at a lower IL-5 concentration (2.5 ng/mL) for twice
as long (10 days), yielding a population containing at least
95% eosinophils, with mature morphology. Contaminants

at day 10 were degenerating (nonviable) mononuclear and
stromal cells.

2.7. Statistical Analyses. All data were analyzed with Systat
for Windows 5.04 (Systat, Inc. Everston, IL, USA), using the
two-tailed t-test for pairwise comparisons. Where indicated,
ANOVA was also used for multiple comparisons, with the
Tukey HSD correction and the Bonferroni correction for
groups of equal and unequal size, respectively.

3. Results

3.1. Mixed Leukocyte Migration Induced by Eotaxin. We
initially examined whether i.p. injection of eotaxin in various
doses would recruit eosinophils in a relatively short period
(4 h) and whether eosinophil accumulation would be selec-
tive, as previously observed in sensitized mice, or accompa-
nied by migration of other leukocyte populations. As shown
in Figure 1(a), leukocytes accumulated in response to 50
and 100 ng/cavity eotaxin, in amounts that were significantly
different from the RPMI controls (0 ng/cavity) as well as from
lower doses of eotaxin (10 and 25 ng/cavity). These leuko-
cytes included variable numbers of eosinophils (Figure 1(b)),
monocytes/macrophages [39, 40] (Figure 1(c)), and neu-
trophils (Figure 1(d)). The morphology of all three leukocyte
populations was recognizable without ambiguity, as shown
in a representative photomicrograph (supplementary Figure
1 available online at http://dx.doi.org/10.1155/2014/102160).
Lymphocyte and basophil migration was not significant in
any of these doses (not shown). Importantly, neutrophils and
macrophages greatly outnumbered eosinophils, with counts,
respectively, 8.2- and 9.9-fold greater in the experiment
shown. For all three leukocyte populations, the dose-response
relationships were identical, and in subsequent experiments
50 ng/mL was used as the standard stimulus, since no
improvement was observed at a higher dose.

Despite the heterogeneity of the recruited leukocyte pop-
ulation, neutralization of eotaxin with specific monoclonal
antibody brought leukocyte accumulation to negative control
levels (Figure 2; compare with Figure 1(a) for the 0–25 ng
eotaxin dose range), while control antibody of the same
isotype with irrelevant specificity had no effect.This confirms
that the stimulus for recruitment of all three leukocyte pop-
ulations is eotaxin itself, not any unidentified contaminant,
which by definition would not be neutralized by specific
antibody.

The kinetics of recruitment of this mixed leukocyte
population by eotaxin in naive BALB/c mice shows sig-
nificant accumulation as early as 2 h, with a maximum at
4 h, thereafter decreasing but remaining significant at 12
and 24 h (Figure 3(a)). We can observe very early arrival
of eosinophils (significant from 2 h and remaining so at
12 and 24 h, Figure 3(b)). By contrast, accumulation of
both monocytes/macrophages (Figure 3(c)) and neutrophils
(Figure 3(d)) became significant only at 4 h. Significant
accumulation was also observed at 12 and 24 h for mono-
cytes/macrophages and 12 h for neutrophils. Hence, mono-
cyte/macrophage and neutrophil accumulation followed

http://dx.doi.org/10.1155/2014/102160
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Figure 1: Accumulation of different leukocyte subtypes induced by eotaxin in naive mice: dose-response relationship. BALB/c mice were
injected with the indicated doses of eotaxin (black bars), and the peritoneal lavage fluid collected 4 h later was used for quantitation of total
leukocytes (a), eosinophils (b), macrophages (c), and neutrophils (d). Data are mean ± SEM. ∗, 𝑃 ≤ 0, 05; ∗∗, 𝑃 ≤ 0, 01, for the differences
relative to the negative (RPMI) control (0 ng/mL eotaxin, open bars). (a) Data from 3–18 experiments. (b)–(d) Data from 6–11 experiments.
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Figure 2: Accumulation of different leukocyte subtypes induced by
eotaxin: effect of specific antibodyneutralization.Eotaxinwas prein-
cubated with specific neutralizing monoclonal antibody (hatched
bar), or with irrelevant isotype-matched monoclonal antibody
(open bar), before i.p. injection inBALB/cmice. Controls (black bar)
received eotaxin but no antibody. Peritoneal lavage fluid, collected
4 h later, was used for total leukocyte quantitation. Data are mean
± SEM. ∗∗, 𝑃 ≤ 0, 01, for the differences relative to the positive
(eotaxin) and specificity (irrelevant antibody) controls. Data from
5–18 experiments.

eosinophil entry. Eosinophils outlasted neutrophils, but not
monocytes/macrophages, in the observation period. For sub-
sequent experiments, the 4 h observation time was chosen,
because it showed significant accumulation of eosinophils,
monocytes/macrophages, and neutrophils in naive BALB/c
mice.

3.2. Relationship to 5-LO. We first evaluated the effect
of eotaxin in naive BALB/c mice pretreated with FLAP
inhibitor MK886 or vehicle. MK886 abolished mixed leuko-
cyte recruitment by eotaxin (Figure 4(a)). By contrast,
vehicle-pretreated control animals showed significant leuko-
cyte recruitment. MK886 was very effective in prevent-
ing eosinophil accumulation (Figure 4(b)). BALB/c mice
responded to eotaxin with significant monocyte/macrophage
accumulation by 4 h, which was abolished by MK886
(Figure 4(c)). MK886-pretreated BALB/c mice showed no
neutrophil migration in response to eotaxin, while migration
was significant in vehicle-treated controls (Figure 4(d)).

Next, we evaluated the effect of eotaxin in näıve ALOX
mice, which lack 5-LO, and wild-type PAS controls. In
ALOX mice, eotaxin had no significant effect on total
leukocyte numbers. By contrast, significant recruitment was
observed in PAS controls (Figure 5(a)). Importantly, ALOX
mice, unlike PAS controls, showed no significant eosinophil
recruitment (Figure 5(b)). In this genetic background, unlike
BALB/c, no significant monocyte/macrophage recruitment
by eotaxin was observed at this time point (4 h; Figure 5(c)),
regardless of whether mice were 5-LO-deficient or wild-type;
furthermore,monocyte/macrophage numbers were higher in
ALOX than in PASmice. By contrast, neutrophil recruitment
was significant in PAS controls and inhibited by ≈55%
in ALOX mice, although residual neutrophil recruitment
remained significant (Figure 5(d)). Together, these observa-
tions show that, in this genetic background, eosinophils and
neutrophils differ in their requirements for 5-LO to migrate
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Figure 3: Accumulation of different leukocyte subtypes induced by eotaxin: kinetics. BALB/cmice were injected with 50 ng eotaxin i.p. (black
bars), and the peritoneal lavage fluid collected after the indicated periods was used for quantitation of total leukocytes (a), eosinophils (b),
macrophages (c), and neutrophils (d). Data are mean ± SEM. ∗, 𝑃 ≤ 0, 05; ∗∗, 𝑃 ≤ 0, 01, for the differences relative to the respective negative
(RPMI) controls (open bars). Data from 3–11 experiments.

in response to eotaxin, which are total for the former but only
partial for the latter.

3.3. Eosinophil-Dependent Neutrophil and Monocyte/Macro-
phage Migration. The kinetics of mixed leukocyte recruit-
ment in naive BALB/c mice raised the issue of whether
eotaxin-stimulated eosinophils recruit other leukocyte types.
If so, neutrophil and/or monocyte/macrophage migration
in response to eotaxin would be decreased in the absence
of eosinophils. Since naive mice carrying a mutation in
the high-affinity GATA-1 binding site of the promoter
from the gene coding for the GATA-1 transcription factor
lack eosinophils [4], we evaluated the effect of eotaxin
on leukocyte numbers 4 h after i.p. injection in GATA-
1 mutant mice and BALB/c wild-type controls. In GATA-
1 mice, unlike BALB/c controls, leukocyte numbers in
the peritoneal cavity were not significantly increased by
eotaxin (Figure 6(a)). As expected, eosinophils were unde-
tectable in GATA-1 mice,and effectively recruited by eotaxin
in BALB/c controls (Figure 6(b)). In both RPMI-treated
and eotaxin-treated GATA-1 mice, monocyte/macrophages
(which were the predominant resident leukocyte population)
were about twice as numerous as in RPMI-treated BALB/c
controls (Figure 6(c)), reaching counts comparable to those
in eotaxin-treated BALB/c. Importantly, neutrophil numbers

were not significantly increased by eotaxin (Figure 6(d))
in GATA-1 mice, unlike BALB/c controls, suggesting that
neutrophil recruitment by eotaxin is eosinophil-dependent.
To rule out the possibility that neutrophil migration is
somehow defective in this strain, separate control GATA-1
mice were injected with thioglycollate broth, which induces
an intense neutrophil accumulation in a 4 h period. GATA-
1 and BALB/c mice responded equally well to thioglycollate
(not shown), indicating that failure of neutrophil recruitment
in GATA-1 mice is a feature of their eotaxin response, not
evidence of a general defect in neutrophil migration.

We further explored this issue by reconstituting a peri-
toneal eosinophil population in GATA-1 mice by transfer
of purified (90%) BALB/c eosinophils, devoid of neutrophil
contamination. Total leukocyte counts were not signifi-
cantly different between GATA-1 mice given eotaxin alone,
eosinophils alone, or eotaxin plus eosinophils (Figure 6(e)),
and this was closely paralleled by monocyte/macrophage
counts, which account for most leukocytes in all groups
(Figure 6(f)). As expected, eosinophils could be recovered
from GATA-1 recipients of eosinophils, and eotaxin did not
significantly increase their numbers, as the recipients produce
no eosinophils of their own (Figure 6(g)). Importantly, neu-
trophil numbers were significantly increased by eosinophil
transfer and further significantly increased by the association
of eosinophil transfer and eotaxin (Figure 6(h)). Together,
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Figure 4: Accumulation of different leukocyte types induced by eotaxin: effect of MK886. BALB/c mice were pretreated with vehicle
(methylcellulose) or MK886 and injected with RPMI medium (negative control, open bars) or eotaxin, 50 ng/cavity (black bars). Peritoneal
lavage fluid collected after 4 h was used for quantitation of total leukocytes (a), eosinophils (b), macrophages (c), and neutrophils (d). Data are
mean ± SEM. ∗, 𝑃 ≤ 0, 05; ∗∗, 𝑃 ≤ 0, 01, for the differences relative to the respective negative control in each group. Data from 6 experiments.

these data suggest that in naive mice eosinophils mediate the
accumulation of neutrophils induced by eotaxin.

If, as suggested by the preceding results, neutrophils
and monocyte/macrophages accumulate in GATA-1 mice
as a result of eosinophil activation, not of direct exposure
to eotaxin, one should expect the leukocytes harvested
from the peritoneal cavity of GATA-1 mice to show little
or no expression of CCR3, unlike eosinophils. We have
therefore compared the expression of CCR3 in peritoneal
lavage leukocytes from BALB/c and GATA-1 mice collected
4 h after eotaxin injection (Figure 6(i)). Mean fluorescence
intensity was monitored in the granulocyte region, since our
transfer protocol reconstitutes migration of neutrophils, not
monocytes/macrophages (see above). No eotaxin-induced
recruitment of CCR3+ granulocytes was observed in GATA-
1 mice (dotted line), unlike BALB/c mice (thin line). To
make sure that CCR3+ cells would be detectable, if present
in a suspension of GATA-1 granulocytes, we also added
purified BALB/c eosinophils to GATA-1 leukocytes as a
control (Figure 6(i), thick line). Exogenously added CCR3+
cells were easily detectable in these conditions.

We took advantage of the effectiveness of eosinophil
transfer to examine the relationship of 5-LO to the migra-
tion of eosinophils, as well as to the secondary recruit-
ment of neutrophils and monocytes/macrophages. A mixed
leukocyte population accumulated in the peritoneal cavity
of ALOX recipients of PAS eosinophils (Figure 7(a)), 4 h
following administration of eotaxin. No significant improve-
ment was observed in PAS recipients of PAS eosinophils

in the same conditions, showing that recruitment is as
effective in the ALOX recipients as in the wild-type recipi-
ents. The recruited leukocyte population from ALOX recip-
ients included eosinophils (Figure 7(b)), comprising both
the transferred eosinophils and those recruited by eotaxin
administration to the recipients, again reaching levels com-
parable to those of PAS recipients of PAS eosinophils.
Secondary recruitment was observed for both macrophages
(Figure 7(c)) and neutrophils (Figure 7(d)), with similar
effectiveness in comparison to the PAS into PAS transfers.

We next examined whether the critical step requiring
5-LO in this model is the initial eosinophil accumulation,
rather than the secondary recruitment of neutrophils by
eosinophils. If so, one would predict that direct transfer of
ALOX eosinophils into eosinophil-deficient GATA-1 recip-
ients should restore neutrophil accumulation in response
to eotaxin. When purified eosinophils from ALOX bone-
marrow cultures were transferred to GATA-1 recipients
(Figure 7(e)), recruitment of neutrophils was very effective.
This rules out the possibility that the step critically dependent
on 5-LO is the generation by eosinophils of a neutrophil
chemoattractant. On the other hand, as shown above for
BALB/c eosinophil transfer into GATA-1 recipients, mono-
cytes/macrophages were not increased by ALOX eosinophil
transfer at this time point.

3.4. Impact on Granulocyte Interaction with Bacteria. We
further examined whether eosinophil-mediated responses to
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Figure 5: Mixed leukocyte accumulation induced by eotaxin in ALOX and PAS mice. 5-LO-deficient mutant (ALOX) and wild-type (WT)
control PAS mice were injected with RPMI (open bars) or eotaxin, 50 ng/cavity (black bars). The peritoneal lavage fluid collected after 4 h
was used for quantitation of total leukocytes (a), eosinophils (b), macrophages (c), and neutrophils (d). Data are mean + SEM. ∗, 𝑃 ≤ 0, 05;
∗∗, 𝑃 ≤ 0, 01. Data from 10 experiments.

eotaxin in this model had an effect on the ability of the
secondarily recruited neutrophils and their bacterial targets.
To do so, mixed leukocyte populations induced by eotaxin
(RPMI in controls) were collected from naive BALB/c mice
at 4 h after injection, counted, and mixed for 30 minutes with
GFP-expressing E. coli at a bacteria/leukocyte ratio adjusted
to 400 : 1, before analysis by flow cytometry. Cells gated in
the granulocyte region on the basis of size and complexity
were examined for green fluorescence, resulting from both
binding and internalization of bacteria. Figure 8(a) shows
that eotaxin-stimulated granulocytes bind/internalize fluo-
rescent E. coli bacteria more effectively than those collected
from RPMI-injected control mice. This increase in effective-
ness is detectable as an increased fraction of granulocytes
binding bacteria (Figure 8(b)) and an increased mean fluo-
rescent intensity (Figure 8(c)). This suggests that eosinophil-
mediated recruitment of neutrophils is accompanied by an
increased capacity to bind and/or ingest bacteria.

4. Discussion

We describe here a mixed leukocyte accumulation occurring
in the peritoneal cavity of naive mice injected with eotaxin.
This is, to our knowledge, the first experimental evidence
that recruitment of neutrophils and macrophages by eotaxin

in nonsensitized animals is mediated by eosinophils. For neu-
trophils, recruitment was associated with an increased ability
to bind/ingest bacteria and therefore might have an impact
on antimicrobial defenses in specific conditions. Because the
ability of eosinophils to act as effective antimicrobial defenses
is limited by their scarcity, these findings also highlight con-
ditions in which, by recruiting much larger numbers of cells
with well-characterized microbicidal function, eosinophils
actually overcome this theoretical disadvantage.

We will below address a number of specific points which
are important for putting our observations in a proper
perspective.

4.1. Roles of Eotaxin, Eotaxin Receptors, and Eosinophils.
Migration of all three leukocyte types in BALB/c mice was
induced by eotaxin, as shown by identical dose-response
relationships and overlapping kinetics, as well as by identical
effects of neutralizing eotaxin with specific antibodies. The
relationship of this migration to the expression of CCR3,
by contrast, is more complex. Lymphocytes, some of which
have been shown by others to express CCR3 [41, 42], were
not attracted by eotaxin to the peritoneal cavity of naive
mice in significant numbers. On the other hand, despite the
commonly held view that CCR3 expression is restricted to
eosinophils [4, 18, 20, 22, 23], basophils [24, 25], eosinophil
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Figure 6: Effect of eosinophil transfer into GATA-1 recipients on neutrophil accumulation. (a)–(d) Eosinophil-deficient GATA-1 mice and
wild-type (WT) controls (BALB/c) were injected with RPMI (open bars) or eotaxin, 50 ng/cavity (black bars). The peritoneal lavage fluid
collected after 4 h was used for quantitation of total leukocytes (a), eosinophils (b), macrophages (c), and neutrophils (d). E-H, GATA-1 mice
received eotaxin (black bars), BALB/c eosinophils (stippled bars), or BALB/c eosinophils followed by eotaxin administration 30 minutes
later (hatched bars). Peritoneal lavage fluid collected after 4 h of eotaxin administration was used for quantitation of total leukocytes (e),
eosinophils (f), macrophages (g), and neutrophils (h). Data are mean ± SEM. ∗, 𝑃 ≤ 0,05; ∗∗, 𝑃 ≤ 0,01, for the indicated differences. Data from
3–11 experiments. (i) Intensity of CCR3 expression in granulocytes. Cells were collected 4 h after eotaxin injection from the peritoneal cavity
of GATA-1 and BALB/c donors and stained for CCR3. Representative MFI profiles for the granulocyte gate are shown. Dotted line, GATA-1.
Thin line, BALB/c. Thick line, GATA-1 sample to which purified BALB/c eosinophils were added in vitro (up to 20% of total cells).

and basophil progenitors/precursors [26, 27], T cell sub-
sets [41, 42], and smooth muscle cells [29], several studies
have suggested that human and murine neutrophils and
macrophages can also express CCR3, at least in specific
experimental settings [28, 32], as suggested by studies in
neutrophils [43]. This would imply that all three leukocyte
populations shown to be recruited in our study in wild-type
(BALB/c, PAS) mice could be simply responding to eotaxin
binding to CCR3 at the individual cell level, with no con-
tribution from cellular interactions involving eosinophils. If
so, there should be no decrease in neutrophil or macrophage
accumulation by eliminating eosinophils, but one should
expect neutrophils and macrophages to express CCR3 at
significant levels even in eosinophil-deficient GATA-1 mice.
This possibility, however, has been directly ruled out by the
demonstration that eotaxin in GATA-1 mutant mice does
not recruit neutrophils nor macrophages. The evidence for
cellular interactions in the neutrophil response to eotaxin is

reinforced by experiments using the same strain, which show
neutrophil recruitment following transfer of highly purified
BALB/c eosinophils. Finally, we observed no significant
accumulation of CCR3+ granulocytes in eotaxin-injected
GATA-1 mice.

By contrast, GATA-1 mice had constitutively increased
macrophage numbers in the peritoneal cavity, which were
unaffected by 4 h of eotaxin administration, both with and
without eosinophil transfer. It is possible that the GATA-
1 mutation affects the cellular function, tissue distribution,
and/or turnover of monocytes/macrophages so as to prevent
responses to eotaxin, regardless of whether these are medi-
ated or not by eosinophils. Therefore, we cannot conclude
from our present observations in GATA-1 mice alone that
eosinophils also recruit monocytes/macrophages. Direct evi-
dence for eosinophil recruitment ofmonocytes/macrophages
was, however, obtained through transfer of eosinophils
from PAS donors into ALOX mice. Importantly, in the
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Figure 7: Effect of transfer of PAS or ALOX eosinophils on neutrophil accumulation in the peritoneal cavity of ALOX, PAS, and GATA-1
recipients. (a)–(d) ALOXmice received RPMI (open bars), PAS eosinophils (stippled bars), PAS eosinophils followed by eotaxin, 50 ng/cavity,
30 minutes later (hatched bars). As positive controls, PAS mice received PAS eosinophils followed by eotaxin (gray bars). Peritoneal lavage
fluid collected 4 h after eotaxin injection was used for quantitation of total leukocytes (a), eosinophils (b), macrophages (c), and neutrophils
(d). (e) GATA-1 mice received eotaxin (black bars), or ALOX eosinophils, followed by eotaxin, 30 minutes later (hatched bars). Peritoneal
lavage fluid collected 4 h after eotaxin administration was used for quantitation of neutrophils (Neuts), eosinophils (Eos), and macrophages
(M𝜙). Data are mean ± SEM. ∗, 𝑃 ≤ 0, 05; ∗∗, 𝑃 ≤ 0, 01, for the indicated differences. Data from 3–5 experiments.

absence of eosinophil transfer, ALOX mice showed nei-
ther eosinophil nor monocyte/macrophage recruitment by
eotaxin. Interestingly, although in the direct stimulation
protocol ALOX mice resembled GATA-1 mice, in their
absence of monocyte/macrophage accumulation by 4 h, it
is likely that different mechanisms underlie these similar
outcomes, since (a) a similar failure to respond to eotaxin
with monocyte/macrophage accumulation was observed in
wild-type PAS controls and cannot therefore be ascribed to
the absence of active 5-LO; (b) transfer experiments show
that eosinophil transfer from PAS donors allows a significant
recruitment of monocytes/macrophages by eotaxin in ALOX
recipients. These observations suggest that an active 5-LO is
not required for monocytes/macrophages (or neutrophils) to
respond to eotaxin, provided eosinophils are present.

Overall, the data indicate that eotaxin recruits a mixed
leukocyte population in naive mice through a mechanism
dependent on eosinophils. Evidence that eosinophils play
an active role is provided by the observation that full effect
in eosinophil transfer experiments requires both eosinophils
and eotaxin, which would not be expected if eosinophils
played a merely passive or permissive role. On the other
hand, in transfer experiments about 10% of the transferred
eosinophils were recovered by 4 h eotaxin stimulation of the
recipients. This raises the issue of whether the remaining
transferred eosinophils underwent changes such as degran-
ulation [4] or release of extracellular traps [10], which
might represent a significant difference relative to the direct
(nontransfer) protocol used in the initial experiments.

4.2. Role of 5-LO. Mixed leukocyte recruitment by eotaxin
in naive mice shows the same dependence on 5-LO that was
observed for selective eosinophil recruitment in sensitized
mice. Hence, it is likely that eosinophil accumulation itself,
the shared feature in both models, is the 5-LO-dependent
step. This is consistent with the observation that ALOX
eosinophils, when directly transplanted to the peritoneal
cavity of GATA-1 recipients (which are unable to respond to
eotaxin by accumulation of neutrophils), are able to medi-
ate the neutrophil recruitment induced by eotaxin. Impor-
tantly, further recruitment of eosinophils occurs in eotaxin-
stimulated ALOX recipients of PAS eosinophils, where the
only cells bearing a functional 5-LO are the transferred
eosinophils. This suggests that eosinophils can be a source as
well as a target for a 5-LO pathway product, such as LTB4.
LTB4 was previously shown to selectively attract eosinophils,
in a model in which eotaxin duplicated the effect of antigen
in a 5-LO-dependent manner [33]. Furthermore, there is
significant evidence that recruitment involves interactions
between cytokines and lipid mediators [44]. In neutrophil
migration, LTB4 represents a signaling relay, raising the
possibility that it acts similarly in eosinophils [45]. Whatever
mechanism is involved, eosinophil generation of a 5-LO-
derived neutrophil chemoattractant is not required for the
eosinophil-dependent secondary recruitment of neutrophils
in eotaxin-injected näıve mice. While in previous studies of
sensitized mice, LTB4, as did antigen and eotaxin, selectively
recruited eosinophils [34], it remains to be determined
whether it accounts for the rapid eosinophil recruitment
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Figure 8: Flow cytometric analyses of peritoneal lavage leukocytes. (a)–(c) Interaction between fluorescent bacteria and neutrophils from
eotaxin-injected and control mice. BALB/c mice were injected with eotaxin 50 ng/cavity i.p. Controls received RPMI. After 4 h, peritoneal
lavage fluid was collected from both groups. After counting neutrophils, fluorescent, viable E. coli bacteria were mixed with leukocytes at a
400 : 1 bacteria/neutrophil ratio and further incubated for 30min before washing to eliminate unbound bacteria, and analysis of neutrophil-
associated fluorescence by flow cytometry. (a) Representative profiles of eotaxin-induced (thick, continuous line) and RPMI-induced (thin,
interrupted line) neutrophil-associated fluorescence. (b) Fraction of the neutrophils positive for fluorescent bacteria in RPMI-induced (open
bar) and eotaxin-induced (black bar) peritoneal leukocyte populations (mean ± SEM); (c) mean fluorescent intensity of neutrophils in the
same samples (mean ± SEM). Data from 4-5 experiments.

to the peritoneal cavity of the eotaxin-injected nonsensi-
tized mice in the present study. A related issue for further
investigation is whether 5-LO is required for the increased
effectiveness of bacterial binding that was detected in BALB/c
leukocytes, as LTB4 is known to activate as well as attract
neutrophils [45].

4.3. Relationship to Innate and Acquired Immunity. Despite
a common requirement for 5-LO, leukocyte recruitment
by eotaxin differs in several aspects between naive versus

sensitized mice, especially the lack of eosinophil selectivity
in the former, as opposed to the latter. In sensitized mice,
selective eosinophil recruitment was observed with widely
different chemical stimuli (allergen, eotaxin, or LTB4). It
is unlikely, therefore, that such selectivity reflects some
features of eotaxin signaling and even less of LTB4 signaling
(which should be very effective in mice having normal
neutrophil numbers). Alternatively, the failure of eotaxin and
LTB4 to recruit neutrophils and monocytes/macrophages
in sensitized mice could involve changes in the expression
of adhesion proteins at endothelial surfaces, which would
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prevent their emigration from blood vessels to peritoneal
cavity, regardless of whether the chemoattractant is LTB4
or eotaxin. We have not examined this possibility, since our
current observations, which are centered on responses from
nonsensitized animals, do not depend on clarifying mecha-
nisms that were not applicable to the present conditions.

We view our findings as manifestations of innate immu-
nity, because of (a) the very fast kinetics of eosinophil and
neutrophil accumulation; (b) the recruitment of neutrophils
and macrophages in the absence of significant lymphocyte
accumulation; (c) the detectable increase in granulocyte
binding of live extracellular bacteria in the absence of anti-
bodies. On the other hand, the fast recruitment of mono-
cytes/macrophages by eotaxin-exposed eosinophils raises the
issue of whether eosinophils could also enhance protection
from more specialized pathogens, such as the intracellular
mycobacteria and protozoa that cause chronic infections,
which are usually handled by monocytes/macrophages. Rel-
atively little attention has been paid to the possibility that
eosinophils play a role in fighting microbial pathogens with
the help of other leukocyte types. Our observations suggest
that small numbers of eosinophils might recruit a large neu-
trophil and/or macrophage infiltrate. While this would make
eosinophils surprisingly effective players in innate immunity,
this might paradoxically obscure their contribution, if their
contribution were to be taken as commensurate with their
numbers in inflammatory infiltrates, where they would often
amount to no more than one-tenth of total leukocytes. It is
therefore fortunate that, in transfer experiments of wild-type
and mutant eosinophils into eosinophil-null GATA-1 mice,
eosinophil recruitment of neutrophils can be unequivocally
demonstrated. In view of the differences between naive and
sensitized models in this respect, it is of interest to determine
whether this eosinophil functional capacity is modified by
allergen sensitization of the host and whether such a change
in innate immune functions can be duplicated by passively or
actively sensitizing the host.

4.4. Possible Cellular Mechanisms Underlying the Effect of
Eosinophils. Several, but not all, of the observations reported
here are consistent with those of previous studies, carried out
by other groups in different experimental models. Eotaxin
recruitment of a mixed leukocyte population, including neu-
trophils and macrophages, was described in human subjects
[28]; Das and colleagues [46] reported that eotaxin was
effective when injected in the peritoneal cavity of mice
but not in a dorsal air pouch, drawing attention to the
important differences between challenge sites responding
to the same chemically defined stimulus. Responses in the
air pouch occurred after local inoculation of mast cell-
containing peritoneal cell populations, but allergen sensi-
tization was essential to local responses to eotaxin in this
transfer model. In addition, neutrophil migration accom-
panied recruitment of eosinophils in specific conditions.
Harris and colleagues [47] confirmed that mast cells were
important for full responses to eotaxin and further showed
that eotaxin responses were blocked by 5-LO inhibitors.
Together, these studies suggest that eotaxin effectiveness is
constrained in vivo by several factors thatmay be absent from

in vitro (e. g., migration chamber or flow cytometric) studies.
These constraints include mast cells and 5-LO. None of these
published studies, however, evaluated the contribution of the
recruited eosinophils themselves.

We suggest that a cytokine, rather than a 5-LO derivative,
is released by eosinophils in the peritoneal cavity, once they
have been recruited by eotaxin in the presence of an active 5-
LO, or, alternatively, directly inoculated in the cavity through
a transfer protocol. Candidate cytokines would include TNF-
𝛼 and TGF-𝛽1, both potent neutrophil chemoattractants.
One hypothesis that could reconcile our observations with
those of Das and Harris and their colleagues [46, 47] would
involve the amplification of the role of eosinophils through
interactions with resident peritoneal mast cells, since mast
cells are an important source of neutrophil chemoattractants,
including TNF-𝛼 [48].
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Glutathione S-transferase (GST) from various arthropods can elicit allergic reactions. In the present study, Per a 5, a GST, was
cloned from American cockroach (CR) and expressed in both baculovirus-infected insect cell (iPer a 5) and E. coli expression
(bPer a 5) systems. The secondary structures were predicted to be 45.93 and 8.69% of 𝛼-helix 𝛽-sheets in iPer a 5 and 42.54 and
8.49% of 𝛼-helix and 𝛽-sheets in bPer a 5, respectively. It is found that 4 out of 16 (25%) sera from American CR allergy patients
reacted to both bPer a 9 and iPer a 9 as assessed by ELISA and Western blotting analysis, confirming that Per a 5 is not a major
allergen of American CR. Induction of upregulated expression of CD63 and CCR3 on passively sensitized human basophils (sera
from American CR allergy patients) by approximately up to 4.5- and 3.2-fold indicates that iPer a 5 and bPer a 5 are functionally
active. Recombinant Per a 5 (rPer a 5) should be a useful tool for studying and understanding the role of Per a 5 in CR allergy.

1. Introduction

CR allergy has been recognized as important IgE-mediated
type I hypersensitivity since 1964 [1]. It is associated with the
development of asthma and recognized as a risk factor for
emergency room admission of asthmatic patients, especially
among inner city children living in low-income houses
infested with cockroaches [2]. In China, totally 25.7% of
allergy patients are skin prick test (SPT) positive to the
American CR (Periplaneta americana, Per a) and 18.7% SPT
positive to the German CR (Blattella germanica, Bla g) [3].

American CR, German CR, and smoky brown CR (Peri-
planeta fuliginosa) are the dominant indoor CR species
which cause allergy among human populationworldwide [2].
Twenty-two immunoglobulin E (IgE) binding components
including the proteins of 23, 28, 35, 38, 40, 49, 72, 78, and
97 kDa were identified as major allergens in American CR
[4], but only Per a 1 [5], Per a 2 [6], Per a 3 [7], Per a 4 [8],
Per a 7 [9], Per a 9 [10], and Per a 10 [11] are characterized.

For example, Per a 1 is an isoallergen with 5 isoforms reported
so far, that is, Per a 1.0101–Per a 1.0105. Per a 1 is a major
American CR allergen as it binds to IgE in the sera of 90–
100% of CR allergic subjects [4]. Per a 2 is an inactive aspartic
protease found in the American CR digestive tract and feces
[5]. Per a 5 belongs to GSTs, but the allergenicity of the
GST homologues in American CR has not been reported.
Since the GST of German CR (Bla g 5) is a major cockroach
allergen, which induces specific IgE expression in 30 to 71%
of CR allergy [12–14], we anticipate that Per a 5 is likely a
major allergen of American CR and investigate the potential
allergenicity of it in the present study.

Two GST homologue (Per a 5) genes are available in
the Genbank (Accession: AY792949 and AEV23867), which
provides the possibility of producing recombinant Per a 5
(rPer a 5) in large amounts to study its role in allergic
reactions. Many, but not all allergens expressed from cDNA
have shown a considerable IgE binding reactivity that seems
to be comparable to their natural counterparts. The majority
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of these recombinant allergens are produced in E. coli, but,
unfortunately, the amount and/or reactivity is sometimes
reduced when the allergen is purified and subjected to
immunological and biochemical assays [15]. To overcome
some of these problems, eukaryotic expression systems such
as yeast and baculovirus in insect cells have been used
[16]. The aim of the present study is to generate rPer a 5
by using eukaryotic (baculovirus-infected insect cells) and
prokaryotic (E. coli) expression systems and characterize its
biochemical and immunologic properties.

2. Materials and Methods

2.1. Ethics Statement. The study protocol was approved by the
Ethical Committee of the First Affiliated Hospital of Nanjing
Medical University. Written informed consent for the use of
blood sampleswas obtained fromall participants before study
entry according to the declaration of Helsinki.

2.2. Patients and Samples. A total of 16 allergic rhinitis
patients with positive SPT (allergens were supplied by ALK-
Abelló, Inc., Denmark) and positive serum IgE test to Amer-
ican CR extract (by using Immuno-CAP assay (Pharmacia
Diagnostics AB, Uppsala, Sweden)) and 6 healthy controls
(HC) were recruited in the study. Serum (4mL) from periph-
eral venous bloodwas collected from each patient andHC for
Western blot analysis.

2.3. Cloning of cDNAs Encoding Full Length of Per a 5 Gene.
Total RNA was isolated from adult female CR reared at our
institute by using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). Total RNA was quantified by measuring absorbance
ratios at 260/280 nm. The cDNA was prepared by reverse
transcription using a commercial RNA-PCR kit according
to the manufacturer’s instruction (TaKaRa Biotech Co.
Ltd., Dalian, China). For each reaction, 1𝜇g of total RNA
was reversely transcribed using oligo-d (T). The cDNAs
encoding Per a 5 were amplified by PCR using primers
based nucleotide sequence of Per a 5 gene (AY792949 and
AEV23867; forward: 5-ATGACCATCGACTTCTACTA-
3; reverse: 5-TCACTTCTTGGCGAGGTTAT-3). PCR
condition was 95∘C/5min (one cycle), 95∘C/1min,
52∘C/1min and 72∘C/1min (30 cycles), and 72∘C/5min
(one cycle). The purified PCR product was cloned into
apMD18-T vector (TaKaRa Biotech Co. Ltd., Dalian,
China) before being transformed into Escherichia coli
strain DH5𝛼. The inserts were sequenced on an ABIprism
377 DNA sequencer (Applied Biosystems, Foster, CA,
USA). DNA sequence data were translated to amino acid
sequence by Show Translation tool in SMS software package
(http://www.bioinformatics.org/SMS/). The glycosylation
motifs of Per a 5 were predicted by using NetNGlyc 1.0 Server
(http://www.cbs.dtu.dk/services/NetNGlyc).

2.4. Expression and Purification of Per a 5 in Baculovirus-
Infected Insect Cells. The Per a 5 gene was subcloned into
pFastBac1 vector (Novagen, Madison,WI, USA) using EcoR I
and Sal I sites and the resulted constructwas transformed into

E. coli strain DH10Bac to generate recombinant bacmid. The
positive colonies were selected and followed by PCR identi-
fication. The recombinant bacmid was transfected into Sf-9
cells by using Cellfectin (Invitrogen Corporation, Carlsbad,
USA) and incubated in SF-900II liquid medium (Invitrogen
Corporation, Carlsbad, USA) for 5 days at 27∘C until the
cells got swollen. The supernatant was collected as P1 viral
stock. P2 viruses were amplified for later infection. A total of
500mL of Sf-9 cells were infected by P2 viruses and harvested
at 72 h. The cells were lysed against 50mM Tris-HCl with
300mMNaCl and 5% glycerol. The supernatant was loaded
on Ni-NTA column (Genscript, Nanjing, China), washed
with running buffer containing 50mM Tris-HCl, 300mM
NaCl, and 5% glycerol (pH 8.0) and eluted with elution
buffer containing 50mM Tris-HCl, 300mMNaCl, 250mM
imidazole, and 5% glycerol (pH 8.0). The eluted fractions
were obtained and identified as Per a 5 (iPer a 5).The purified
iPer a 5was dialyzed in carbonate-bicarbonate buffer (0.05M,
pH9.6) for further investigation.The concentration of iPer a 5
was determined by using a Coomassie Plus assay kit with BSA
as standard (Thermo Scientific Pierce, Rockford, IL, USA).

2.5. Expression and Purification of Per a 5 in E. Coli. The
Per a 5 gene was subcloned into pCold II vector (TaKaRa
Biotech Co. Ltd., Dalian, China) using Nde I and Xba I sites
and verified by DNA sequencing.The recombinant pCold II-
Per a 5 plasmid was transformed into E. coli Origami host
strain. A colony of the selected transformed E. coli Origami
on an overnight LB-ampicillin agar plate was inoculated into
5mL of LB-ampicillin broth and incubated at 37∘C overnight.
For IPTG optimization, the overnight culture was added
into fresh LB media in a ratio of 1 : 100. Once cell density
reached the optical density at 𝐴

600 nm (OD
600

), the cells were
incubated with 0.1, 0.5, and 1mM IPTG, respectively, at 15∘C
overnight. Expression of the target protein was analyzed by
SDS-PAGE. For scale-up expression, 40mL of the culture
was inoculated into 2 L of fresh LB-ampicillin broth and
incubated at 37∘C until OD

600
reached 0.6. IPTG was added

to the final concentration of 0.5mM and the culture was
incubated overnight. The bacterial cells were harvested by
centrifugation at 4,000×g at 4∘C for 20min and were lysed
in a lysis buffer by sonication at 20 kHz, 2min pulse-on,
3min pulse-off. Cell debris was removed by centrifugation at
12,000×g at 4∘C for 20min. The supernatant was loaded on
the Nickel column (Genscript, Nanjing, China) as described
above, and the eluted fractions were obtained and identified
as Per a 5 (bPer a 5). The purified bPer a 5 was dialyzed
in carbonate-bicarbonate buffer (0.05M, pH 9.6) for further
investigation. The concentration of bPer a 5 was determined
by using a Coomassie Plus assay kit with BSA as standard.

2.6. CD Analysis of rPer a 5 Expressed in E. Coli and Insect
Cells. Far UV CD spectra of bPer a 5 and iPer a 5 were
collected on a Jasco J-810 spectropolarimeter (Japan Spectro-
scopic Co., Tokyo, Japan) using a 1mm path length quartz
cuvette at protein concentrations of 0.1mg/mL. Spectra were
measured from 240 to 190 nm, with a 0.5 nm resolution at a
scanning speed of 50 nm/min, and resulted from averaging
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of three scans. All measurements were performed in 10mM
Na
2
HPO
4
, pH 7.0. The final spectra were baseline corrected

by subtracting the corresponding buffer spectrum. Results
were expressed as the mean residue ellipticity (𝑦) at a given
wavelength. The secondary structure content of bPer a 5 and
iPer a 5 was calculated by using the secondary structure
estimation program K2D2 [17].

2.7. Immunoreactivity of Human Sera with rPer a 5. A 96-
well plate was coated with purified bPer a 5 and iPer a 5 at
10 𝜇g/mL in carbonate-bicarbonate buffer (0.05M, pH 9.6)
overnight at 4∘C, 100 𝜇L per well. Human serum samples
(1 : 20 dilution in PBS-Tween with 2% BSA) were then added
to the plates for 2 h at room temperature. After IgE binding,
plates were incubated with horseradish peroxidase-labeled
goat anti-human IgE (1 : 2500 dilution) (KPL, Inc.,MD,USA),
and the color was developed with tetramethylbenzidine
peroxidase substrate (Thermo Scientific Pierce, Rockford,
IL, USA). The plates were read on a microplate reader at
absorbance of 405 nm.The cutoff of the ELISAwas calculated
as the mean of the negative controls plus 2 SDs.

For competitive ELISA test, a 96-well plate was coated
with American cockroach extract (10 𝜇g/mL) in carbonate-
bicarbonate buffer (0.05M, pH 9.6) overnight at 4∘C. The
1 : 20-diluted pooled serum alone or preincubated with var-
ious quantities of the crude extract, iPer a 5 and bPer a 5,
for 2 h was added to the plates. The color development and
plate reading procedure was the same as the previous section.
Crude extract of cockroaches were prepared according to the
methods described previously [18] with few modifications.
Briefly, 30 g of cockroaches was pulverized in liquid nitrogen.
The sample was defatted in 200mL of ethyl ether and ethyl
acetate (1 : 1, by volume) and extracted with slow overhead
stirring in carbonate-bicarbonate buffer (0.05M, pH 9.6),
containing 6mM 2-mercaptoethanol and 1/1,000 volume of
protease inhibitor cocktail (Shenggong, Shanghai, China) at
4∘C overnight. The extract was then centrifuged at 10,000×g
for 30min at 4∘C, and the supernatant was filtered through a
0.22𝜇m-pore-size filter (Millipore, Bedford,USA) before use.

2.8. Immunoblot Analysis of IgE Reactivity. Immunoblots for
detection of serum specific IgE were performed with bPer
a 5 and iPer a 5 as described previously [19, 20]. bPer
a 5 and iPer a 5 (5 𝜇g) were added to a SDS-PAGE (gel
concentration of 15%) under reducing conditions and then
transferred to nitrocellulose membranes. The nitrocellulose
membranes were incubated with the sera from the patients
with American CR allergy (1 : 5 in PBS-Tween with 1%
BSA, 10% normal goat serum) for 90min. Following rinsing
with PBS, the membranes were incubated with peroxidase-
labeled anti-human IgE monoclonal antibody. The positive
protein bands were visualized by incubating the membranes
with tetramethylbenzidine peroxidase substrate. Sera from 2
nonatopic subjects were used as negative controls.

2.9. Basophil Activation Test. Expression of CD63 and CCR3
on basophil surface has been considered as the indicator
of basophil activation [21, 22]. Briefly, peripheral blood

mononucleated cells (PBMC) from 20mL blood donated by
4 healthy volunteers were separated by Ficoll-Paque density
gradient and treated with 10mL LS (a solution containing
1.3MNaCl, 0.005MKCl, and 0.01 lactic acid, at pH 3.9)
for 2min at 8∘C. After neutralization with 12% Tris (pH
10.9), nonspecific IgE on basophils was stripped off and
cells were passively sensitized with sera of the patients with
American CR allergy or HC (𝑛 = 4, 1 in 10 dilution,
2 h at 37∘C) as described previously [23]. The cells were
then challenged with various concentrations of bPer a 5
and iPer a 5 for 15min at 37∘C. A goat anti-human IgE
antibody (Serotec, Kidlington, UK) was used as a positive
control. Anti-human CCR3-PE antibody (eBioscience Inc.
San Diego, CA, USA) and anti-human CD63-FITC antibody
(InvitrogenCorporation, Camarillo, CA,USA)were added to
cells for 15min at 37∘C in the dark. Flow cytometry analysis
of surface markers was performed at 488 nm on a FACSAria
flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA)
and analyzed by FACSDiva software. Basophils were gated
in the lymphocyte region of the SSC or FSC pattern, and
identified as a single population of cells that stained positively
for CCR3-PE antibody. Upregulation of CD63 expression
was determined by an increase in fluorescence in the FL-1
channel. Acquisition was terminated after 300 basophil target
events. Responses were quantified as percentages of CD63
expressing basophils in a higher FL-1 region, which had been
adjusted to contain 4% of basophils.

2.10. Statistics. Data are expressed as mean ± SEM for the
indicated number of independently performed duplicated
experiments. Statistical significance between means was ana-
lyzed by one-way ANOVA or the Student’s 𝑡-test utilizing
the SPSS 13.0 version. 𝑃 < 0.05 was taken as statistically
significant.

3. Results

3.1. Cloning of cDNAsEncoding Full Length of Per a 5 Sequence.
The cDNAs encoding Per a 5 were amplified by PCR using
primers based on the nucleotide sequence of Per a 5 gene. It is
a 645 bp gene and encoded 215 amino acids protein (Figure 1).
The sequence identity of Per a 5 to cDNAs deposited in
Genbank (Accession no. AY563004) was 100% (215/215) at
protein level. Per a 5 shows 81, 15, and 13% sequence similarity
to German CR allergen BGGSTD1, Der p 8, and Bla g 5
(Figure 2). One motif (198NHSG201) was predicted to be the
glycosylation motif of Per a 5.

3.2. Expression and Purification of Per a 5 in E. Coli. The Per
a 5 gene was subcloned into pCold II vector and transformed
into E. coli Origami host strain. The optimal induction
condition for Per a 5 was 0.5mM IPTG (Figure 3(a)), the
concentration chosen as the final condition throughout the
study. The Per a 5 protein was purified by Ni column. More
than 6mgbPer a 5was obtained from2 L cell culturemedium.
Thepurity of the purified Per a 5was identified by SDS-PAGE.
It showed single band with an apparent molecular weight of
25 kDa (Figure 3(b)).
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1 ALLVSRCPASGPLYYFDITM

1 ATGACCATCGACTTCTACTACCTGCCCGGCAGCGCACCATGCCGTTCAGTTCTCCTGGCT

21 HEGAMLNTVKLNLDVGIAKA

61 GCCAAGGCCATCGGCGTGGATCTGAACCTCAAAGTGACGAACCTCATGGCTGGCGAACAT

41 NDNLTPITHQPNMKLFEPTL

121 CTCACGCCTGAATTTCTTAAGATGAATCCTCAACATACGATCCCAACCCTCAACGACAAC

61 KGYQDALYSLIARSEWLCFG

181 GGTTTCTGTTTGTGGGAGAGCCGAGCCATTCTCAGTTACCTGGCTGACCAGTATGGCAAG

81 YLRQDVLARKKADKPYLSDD

241 GACGACTCGCTGTACCCCAAGGACGCCAAGAAGCGAGCTCTTGTGGACCAGAGACTGTAC

101 AFYIPYYYEGFRHYLTGIDF

301 TTCGATATTGGAACCCTGTACCACAGATTCGGAGAATACTATTATCCAATCTATTTCGCA

121 NLFEFAEELKKMKEPDAAQK

361 AAACAAGCTGCAGACCCTGAAAAGATGAAGAAACTGGAGGAGGCCTTCGAGTTCTTGAAT

141 ALDAITLKNGAVFEQSELFK

421 AAGTTCCTGGAATCGCAAGAGTTTGTGGCAGGAAATAAGCTCACCATTGCGGACCTGGCA

161 SSVI V NSYKSVDFGMIDATS

481 ATTGTCTCCTCTGTCTCCACTGCTGACATCATGGGCTTTGATGTAAGCAAATACTCAAAC

181 HNLEEYGPVIKKCKEFWKAV

541 GTCGCCAAATGGTTCGAGAAATGCAAGAAGATTGTTCCAGGCTATGAGGAACTGAATCAC

201 KKALNDCMEKFKLCGS

601 TCCGGATGCTTGAAGTTCAAGGAGATGTGCGATAACCTCGCCAAGAAGTGA

∗

Figure 1: cDNA sequence encoding Per a 5 and deduced amino acid sequence.The first three bases ATG represent start codon.The last three
bases indicate the stop codon.

3.3. Expression and Purification of Per a 5 in Baculovirus-
Infected Insect Cells. The Per a 5 encoding gene was sub-
cloned into pFastBac1 vector and transformed into E. coli
strainDH10Bac to generate recombinant bacmid.The recom-
binant bacmid was then transfected into Sf-9 cells to generate
the baculovirus. The Per a 5 protein was expressed in Sf-
9 cells and purified by Ni column. About 16mg of iPer a 5
was obtained from 2 L cell culture medium.The purity of the
purified Per a 5 was identified by SDS-PAGE, which showed
major band with an apparent molecular weight of 25 kDa
(Figure 4).

3.4. CD Analysis of rPer a 5 Expressed in Insect Cells and E.
Coli. The far UV CD spectra of iPer a 5 and bPer a 5 showed
similar curves with two minima at 220 and 209.5 nm and a
large maximum at 192 nm, which represent characteristics of
proteins with predominantly 𝛼-helical structure (Figure 5).
Calculation of the secondary structure using the program
K2D2 resulted in predicted 45.93 and 8.69% of 𝛼-helix and

𝛽-sheets in iPer a 5 and 42.54 and 8.49% of 𝛼-helix and 𝛽-
sheets in bPer a 5, respectively.

3.5. Immunoreactivity to IgE. In order to determine the
allergenicity of Per a 5, we examined the ability of Per a 5
to bind IgE in the sera of American CR allergy by a direct
ELISA technique. Patients serum including patients 5, 9, 10,
and 14 showed positive IgE reactivity to both bPer a 5 and
iPer a 5. The results showed that 4 out of 16 (25%) sera
from these patients reacted to both bPer a 5 and iPer a 5
(Figure 6(a)).The IgE reactivity of bPer a 5 and iPer a 5 in the
sera from the Per a 5 positive patients was increased by 5.0-
and 7.9-fold, respectively in comparison with the sera from
HC. Moreover, competitive ELISA showed that bPer a 5 and
iPer a 5 inhibited the IgE reactivity to the cockroach extract
by approximately 25.4 and 35.5%, respectively (Figure 6(b)).
IgE binding activity of Per a 5 in a representative group of 3
patients and two HC was assessed by Western blot and was
illustrated in Figure 6(c). IgE binding bands appeared clearer
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Figure 2: Alignment of Per a 5 with other GST allergen. Deduced amino acid sequence of Per a 5 is aligned with GST allergens. Per a 5 was
cloned and sequenced in the present study. BGGSTD1 [29] and Bla g 5 [13] are two GST allergens identified in German CR, and Der p 8 is a
GST allergen identified from Dermatophagoides pteronyssinus [30]. The identical residues in all four sequences are marked with asterisk (∗).

with iPer a 5 than with bPer a 5. Both iPer a 5 and bPer a 5 did
not react to the sera from the HC.

3.6. Induction of Basophil Activation by rPer a 5. iPer a 5
and bPer a 5 at 1.0 𝜇g/mL induced approximately up to 4.5-
and 3.2-fold increase in the expression of CD63 and CCR3
in CD63 and CCR3 double positive cells when incubating
with passively sensitized basophils (by sera from American
CR allergy). Both iPer a 5 and bPer a 5 had no effect on the
basophils sensitized by the sera from HC (Figure 7).

4. Discussion

Aerosolized proteins derived from saliva, fecal material,
secretions, cast skins, debris, and dead bodies of cockroaches
induce IgE-mediated hypersensitivity [24]. To better under-
stand the Per a 5 mediated CR allergies and promise to
improve diagnosis and treatment of CR allergies, we prepared
biologically active and highly pure American CR allergen Per
a 5 in relatively large amount in the present study. We have
identified Per a 5 as a novel American CR allergen, which is
recognized by 25% of the subjects with American CR allergy.

Several allergens from German and American CR have
been identified and their IgE cross-reactivity has been
described. These include Bla g 1 and Per a 1 (food intake and
digestion); Bla g 2 and Per a 2 (inactive aspartic protease);

Bla g 3 and Per a 3 (arylphorin-like storage protein); Bla g 4
and Per a 4 (male pheromone transport lipocalin); and Bla
g 7 and Per a 7 (tropomyosin) [25]. Among CR allergens,
3 GSTs were identified from male adults of German CR by
glutathione-agarose affinity chromatography including one
in which N-terminal amino acid sequence is identical to
that of Bla g 5 [26]. Two IgE-reactive GSTs were detected
from 25 IgE-reactive spots by proteomic analysis, and one
of them was found to be Bla g 5 [27]. Recently, a Delta
class GST (BgGSTD1), which has 15% amino acid sequence
identity with Bla g 5, was purified from the German CR [28].
However, the allergenicity and IgE cross-reactivity of the GST
homologues in American CR have not been reported. As a
member of the Delta class GSTs, Per a 5 shows 81% sequence
similarity to BGGSTD1, but only 13% similarity to Bla g 5, a
Sigma class GST identified from German CR. In the present
study, only 25% IgE reactivity to rPer a 5 was observed when
sera from cockroach-sensitive patients was incubated with
rPer a 5, suggesting that Per a 5 is not likely a major allergen
inAmericanCR.The IgE reactivity rate of Per a 5 seems lower
than that of Bla g 5 (30 to 71%) [12–14], but higher than that of
BGGSTD1 (17.9%) [28]. It has previously been reported that
American CR extracts could not inhibit IgE antibody binding
to Bla g 5 using an RIA assay, suggesting that there was no
significant IgE cross-reactivity between GSTs from these two
species [12]. However, Huang et al. found that GST(s) in
American CR is(are) allergenic and is(are) pan-allergens in



6 Mediators of Inflammation

100
75

50

32

25

15

150
220

1 2 M 1 4 MW (kDa)

(a)

220
150
100
75
50

32

25

15

1 2 M 1 4 MW (kDa)

(b)

Figure 3: Expression and purification of Per a 5 in E. coli. (a)
Per a 5 was induced by 0.1, 0.5, and 1mM IPTG, respectively, and
was analyzed by SDS-PAGE. Lane M: Smart Broad-Range Protein
Standard (Genscript, Nanjing, China); lanes 1, 2, 3, and 4 represent
lysates of cells induced with 0.5, 0.1, 1.0, or 0mM IPTG, respectively.
The arrow indicates Per a 5 protein. (b) SDS-PAGE analysis of
purified Per a 5 expressed in E. coli. Lane M: protein standard; lane
1: the supernatant of cells lysate after centrifugation; lane 2: run
through; lane 3: wash with 50mM imidazole; lane 4: wash with
250mM imidazole.The arrow indicates recombinant Per a 5 protein.

CR andmites [29].The finding that Per a 5 reacts with specific
IgE of American CR allergy in the present study suggests that
GST in American CR is allergenic.

We prepared rPer a 5 by using two different expression
systems in the present study and found that as little as 2 L
of E. coli and Sf-9 cell culture medium was able to produce
8 and 16mg of highly pure rPer a 5, respectively, which is
enough for functional study of Per a 5. The E. coli system
is a well-established system offering many advantages: easy
handling of the bacteria cells and selection of a large variety of
vectors using different promoters. Among the disadvantages,
overexpressed proteins can be incorrectly folded and may
require chemical refolding procedures to obtain the protein
in a native, fully active, biological form. In the present study,
we chose pCold II vector and E. coli Origami host strain to
produce bPer a 5 in a soluble form without any reconstitu-
tion process. The eukaryotic baculovirus expression system
is characterized by an extensive array of posttranslational
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Figure 4: SDS-PAGE analysis of purification of Per a 5 in bac-
ulovirus-infected insect cells through Ni column. Lane M: protein
standard; lane 1: elute with the elution buffer containing 250mM
imidazole; lane 2: elute with the elution buffer containing 20mM
imidazole; lane 3: elute with the elution buffer containing 50mM
imidazole; lane 4: run through; lane 5: the cytosol.
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Figure 5: Circular dichroism analysis of recombinant Per a 5
generated from baculovirus-infected insect cells (iPer a 5) and E.
coli (bPer a 5). The molecular ellipticities (𝑦) (𝑦-axes) at different
wavelengths (190–240 nm, 𝑥-axis) are displayed for iPer a 5 and bPer
a 5.

processing, typical for higher eukaryotic cells. The pro-
duction of recombinant proteins in this system offers the
advantage that secreted proteins are often glycosylated and
disulphide-bonded correctly leading to a biologically active
conformation. Because of the advantage of baculovirus-
infected insect cell expression system, we employed it to
express iPer a 5 and managed to obtain substantial quantity
of iPer a 5 in the present study. Numerous insect allergens
such as Api m 1 [30], Api m 2 [31] from honeybee venom,
Sol i 3 [32] from ant venom, Dol m 5 [33] from bald-
faced hornet (Dolichovespula maculate), Cul s 1 [34] from
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Figure 6: (a) Analysis of specific IgE reactivity of recombinant bPer a 5 and iPer a 5 by direct ELISA. The sera were collected from the
patients with American CR allergy and healthy control subjects. The values shown are mean ± SEM for the triplicate experiments. ∗𝑃 < 0.05
in comparison with those of healthy control subjects. (b) Inhibition of the IgE reactivity to the cockroach extract by bPer a 5 and iPer a 5. CR =
American cockroach extract.The values shown are mean ± SEM for the triplicate experiments. ∗𝑃 < 0.05 in comparison with the uninhibited
control. (c) Western blot analysis of IgE reactivity to bPer a 5 and iPer a 5 in the sera from the patients with American CR allergy. Lanes 1–3:
iPer a 5 reacted with the serum from patients 5, 9, and 10. Lanes 4–6: bPer a 5 reacted with the serum from patients 5, 9, and 10. Lanes 7-8:
iPer a 5 reacted with the serum from controls 1 and 2. Lanes 9-10: bPer a 5 reacted with the serum from controls 1 and 2.

the North American midge (Culicoides sonorensis), Der f 1
[35] from house dust mite, Blo t 11 [36] from dust mite
(Blomia tropicalis), Lep d 2 [15] fromdustmite (Lepidoglyphus
destructor), and Aed a 1 and Aed a 2 [37] from mosquito
(Aedes aegypti) have been successfully expressed in insect
cells using a baculovirus expression system.They are reported
to possess similar structural and biological activities to their
natural forms [38].

Regarding the immunoreactivity, rPer a 5 produced in
the two systems showed IgE-binding activities towards the
sera from the American CR allergic patients. iPer a 5 seems
to have better binding activity than bPer a 5, implicating
that the IgE-binding activity of rPer a 5 is likely to associate
with its glycosylation sites and tertiary conformation. One
motif (198NHSG201) was predicted to be the glycosylation
motif in Per a 5, but we are not sure of the numbers of 𝛼-
Gals in it, as most of the carbohydrate epitopes are known
to lead false-positive reactions except 𝛼-Gal [39]. The far UV
CD spectra of recombinant iPer a 5 and bPer a 5 showed
similar secondary structures, which consist of predominantly
𝛼-helical structure. But iPer a 5 appears to havemore𝛼-helical
structures than bPer a 5. IgE-binding epitopes recognized
by IgE antibodies are either linear or conformational and
are located on the surface of the molecule accessible to

antibodies [40]. Conformational epitope comprises amino
acids that are close in space in the folded molecule, despite
being noncontiguous in the amino acid sequence. They are
dependent on the 3-dimensional structure of the protein.
For globular inhaled allergens, conformational epitopes play
a very important role in allergenicity [41, 42]. Therefore, it
seems likely that extra conformational IgE-binding epitopes
may exist in iPer a 5, as a result of more 𝛼-helical structures
in its molecular structure.

The basophil activation test we employed herein is a
more advanced technique for determination of allergenicity
of a given compound. We confirm that Per a 5 is an
active allergen of CR as it is able to activate CR-sensitized
basophils. Similar to IgE-binding activity, iPer a 5 seemsmore
potent in activation of basophils compared with bPer a 5,
suggesting that the basophil-activating activity of rPer a 5
is likely to associate with its glycosylation sites and tertiary
conformation. Obviously, further work is required to confirm
our anticipation.

The availability of recombinant allergens has increased
our understanding of IgE-mediated allergies and promises
to improve diagnosis and treatment of these diseases [43].
In our case, rPer a 5 should be a useful tool for functional
and clinical study. These observations also confirm that
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Figure 7: Induction of basophil activation by iPer a 5 and bPer a 5. After nonspecific IgE on basophils being stripped off, cells from each donor
were passively sensitized with sera from 4 different healthy subjects (a) or from 4 different patients with American CR allergy (b) and were
then challenged with iPer a 5 and bPer a 5 at 1.0𝜇g/mL. The values shown are mean ± SEM for the sera from 4 different subjects. ∗𝑃 < 0.05
in comparison with the corresponding carrier alone control.
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baculovirus-infected insect cell expression system is more
suitable for the production ofmore active Per a 5 allergen than
E. coli expression system. In conclusion, we have cloned and
prepared two rPer a 5 allergens by using a eukaryotic and a
prokaryotic expression system. We confirm that there is GST
allergen (Per a 5) in American CR, though it is not a major
allergen. rPer a 5 should be a useful tool for studying and
understanding the role of Per a 5 in CR allergy.
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