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ARTICLE INFO ABSTRACT
Articl_e history: Background: In Taiwan, 57.5% of asthmatic patients are allergic to cockroaches, which are a major indoor
Received for publication October 19, 2011. allergen for immunoglobulin E (IgE)-mediated respiratory diseases.

Received in revised form January 17, 2012.

- Objective: To determine whether sensitization to different cockroach allergenic components correlates with
Accepted for publication January 18, 2012.

different clinical manifestations and severities.
Methods: The complementary DNAs (cDNAs) encoding for Per a 1 through 7 and Per a 9 were generated by
reverse transcription polymerase chain reaction and cloned into the Escherichia coli expression system.
Sixty-four subjects were divided into 3 groups based on the clinical severity of their allergic reaction: those
with persistent asthma and rhinitis (AS), those with allergic rhinitis only (AR), and the nonallergic controls
(NA). Serum levels of interleukin-8 (IL-8), monocyte chemotactic protein-1 (MCP-1), chemokine (C-C motif)
ligand 20 (CCL-20), and granulocyte macrophage colony-stimulating factor (GM-CSF) were measured, and
the binding frequencies to each recombinant allergen were examined.
Results: Serum levels of IL-8, MCP-1, and CCL-20 were significantly higher in the AS group than in the AR and
NA groups. The numbers of IgE-binding allergens did not correlate with the clinical severity of airway allergy
to cockroaches. However, 81% in the AS group had IgE-binding activity to Per a 2, which was significantly
higher than that of the AR group (45%, P < .05). In contrast, 80% of AR patients had IgE-binding activity to Per
a9 compared with only 28.5% of AS patients (P < .01).
Conclusions: Allergens from American cockroaches do not have equal importance in terms of pathogenicity.
Sensitization to Per a 2 correlates with more severe airway allergy and elevated proinflammatory chemo-
kines. This may help in selecting target allergens for component resolved diagnosis and immunotherapeutic
agents.

© 2012 American College of Allergy, Asthma & Immunology. Published by Elsevier Inc. All rights reserved.

Introduction Cockroach allergy has been recognized as an important immu-
noglobulin E (IgE)-mediated type 1 hypersensitivity since 1964.%
Except for the traditional IgE-mediated allergic inflammation, in-
creasing evidence shows that cockroaches also induce protease-
activated receptors-dependent allergic airway inflammation inde-
pendent of its IgE binding capacity."'" However, detecting
allergen-specific IgE to cockroach or skin-prick test with crude
cockroach extract remains the mainstay of diagnosing cockroach
allergy in clinical practice, which leaves room for improving diag-
nostic sensitivity and specificity. In 2002, Patterson and Slater'?
Reprints: Yi-Hsing Chen, MD, PhD, Division of Allergy, Immunology and Rheuma- tested 24 cockroach allergen extracts from 9 manufacturers by
tology, Taichung Veterans General Hospital, 160 Taichung Harbor Road, Section 3, competition enzyme-linked immunosorbent assay (ELISA) and so-
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b Veterans General Hospital and NSC37-2350-B075A-001-Mv3 from the Na.  PACE)-'” They indicated that commercially available cockroach al-

lergen extracts vary in protein content, electrophoretic banding

tional Science Council, Taiwan.
Disclosures: Authors have nothing to disclose. patterns, and relative potency. Many problems associated with the

Cockroach proteins are potent environmental allergens world-
wide, especially in America, Europe, Taiwan, Thailand, and South
Africa.! In Taiwan, 54.9% of patients with airway allergy and 57.5%
of the patients with asthma are sensitive to American cockroaches,?
and exposure to their allergen in early life is associated not only
with asthma development®“ but also with increased morbidity,
severity, and hospitalization in children with asthma.>~”
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Table 1
Sequences of primers used for the PCR-based cloning of Periplaneta americana allergens

Allergen/Acc. no. Nucleotide sequence Expression sector Recombinant protein size (kDa)

Per a 1.02/U69957 F 1GTCGACATGCAGAGATCAGAACAT PET30b 53.8
R 2GCGGCCGCTTATGCTCTGGAACTCCG

Per a 2/AY792947 F 3GGATCCGATCCAGTCGTCGTTCCT pET30a 48.6
R 4AAGCTTCTACAGTTCTTCTACGGA

Per a 3.0203/L40821 B SGAATTCATGAAGACTGCTTTGGTATTC PET30a 51.7
R 2GCGGCCGCTTAATGGCCTTGGACTCC

Per a 4/AY792948 F 3GGATCCGGAGATGATTCA PET30a 30.6
R 4AAGCTTTCAAGACTTGTACT

Per a 5/AY92949 F 3GGATCCATGACCATCGACTTCTAC PET30a 28.9
R 4AAGCTTTCACTTCTTGGCGAGGTT

Per a 6/AY792950 F 3GGATCCATGGATGAACTGCCAGAT pQE30 171
R 4AAGCTTTTATTCTCCGGTCATGAC

Per a 7/Y14854 F SGAATTCATGGATGCTATCAAGAAGAAG PET30a 42.8
R 2GCGGCCGCTTAGTAACCAGCAAGTTCGGT

Per a 9/AY563004 F 3GGATCCATGGTGGACGCCGCAGTT PQE30 414
R 4AAGCTTAGAGCGAGCTCTCCAGCTT

Restriction sites are in italics, and priming regions are underlined. 'Sall, 2Notl, 3BamH]I, *HindIIl, >EcoRI.

use of natural allergenic products can be overcome by using genet-
ically engineered recombinant allergens.

0f4,000 species of cockroaches, the German cockroach (Blattella
germanica) and American cockroach (Periplaneta americana) are the
most common household pests and well-documented allergens.
Ten allergens have already identified in the American cockroach,
namely, Per a 1 to Per a 10, and the sequences of Per a 1 through 7
and Per a 9 have been reported.!'® With improvements in recom-
binant DNA technology, many studies have shown that recombi-
nant allergens may be used to replace traditional natural allergen
extracts for diagnosis and immunotherapy of allergic diseases.'*1>
The idea of component resolved diagnosis, by testing patient reac-
tivity to individual recombinant allergens, has shown improved
diagnostic reliability and differential ability in house dust mite,
pollen, carrot, cherry, and some food allergies.! 2!

The aim of this study is to determine whether sensitization to
different cockroach allergenic components correlates with differ-
ent clinical manifestations and severities, using 8 cloned American
cockroach allergens with known sequence and the Escherichia coli
expression system to analyze the IgE-binding map and cytokine
profiles.

Methods
Subjects and Sera

Subjects were recruited from patients attending the Allergy
Clinic of Taichung Veterans General Hospital or those who re-
sponded to an advertisement. All subjects were interviewed and
examined by an allergist. Patients included as persistent asthma
must have symptoms of recurrent episodes of wheezing, shortness
of breath, activity-induced cough or wheeze, or nocturnal cough in
periods without viral infections more than once per week plus
evidences of bronchial hyperresponsiveness by pulmonary func-
tion test.?? As for the inclusion criteria of allergic rhinitis, patients
must have at least 2 of the typical symptoms of chronic rhinitis,
including watery rhinorrhea, itchy nose, stuffy nose, and sneezing

Table 2
Subject demographics

for at least 2 months plus a positive allergen skin prick test or
presence of allergen-specific IgE by blood test.? Cockroach allergy
was confirmed by a positive (>0.35 kU/L) specific IgE to cockroach
by ImmunoCAP (Pharmacia, Uppsala, Sweden). The subjects were
divided into 3 groups based on their clinical severity of their airway
allergy. Group AS was subjects with persistent allergic asthma and
rhinitis. Group AR was those with allergic rhinitis only, and group
NA was the non-allergic controls.

The hospital’s institutional review board approved the study,
and all of the subjects were recruited after signing written in-
formed consent.

Serum Chemokine Levels

Quantitative sandwich ELISA kits were used to measure serum
levels of interleukin-8 (IL-8), monocyte chemotactic protein-1
(MCP-1), chemokine (C-C motif) ligand 20 (CCL-20), and granulo-
cyte macrophage colony-stimulating factor (GM-CSF) in duplicate
according to the manufacturer’s instructions (R&D Systems, Min-
neapolis, Minnesota). The lower limits of detection were 16 pg/mL
IL-8; 16 pg/mL MCP-1; 8 pg/mL CCL-20; and 8 pg/mL GM-CSF.

PCR-Based Cloning of Periplaneta americana Allergens

The complementary DNA (cDNA) library for P. americana was
used as a template for polymerase chain reaction (PCR) amplifica-
tion of the American cockroach allergens.?* For PCR-based cloning,
gene-specific primers were designed with restriction sites for clon-
ing into the pET30 (Novagen, Madison, Wisconsin) or pQE30 (Qia-
gen, Hilden, Germany) expression vectors. Oligonucleotide primers
and molecular weight of recombinant allergens are listed in Table 1.
After PCR and cloning, DNA sequencing was performed using the
ABI PRISM Dye Terminator Kit and ABI 377 sequencer. E. coli ex-
pression was done as described previously.?”

Purification of Recombinant Proteins

Plasmid pET30 and pQE30, both containing the His-tag se-
quence, expressed a stretch of 6 histidine residues at the N-termi-

Group Subject number Age (years) Median (range) Sex F/M Symptoms Specific IgE to Cockroach Median (range) kU/L
AS 21 31(8-62) 8/13 Persisted asthma and rhinitis 2.37(0.38-15.9)

AR 20 28(11-86) 9/11 Allergic rhinitis only 1.80(0.38-5.9)

NA 23 37(21-75) 18/5 No allergy <0.35 kU/L

Abbreviations: AS, asthma with allergic rhinitis; AR, allergic rhinitis only; NA, nonallergic control.
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Fig. 1. Serum levels of (A) IL-8; (B) MCP-1; (C) CCL20; and (D) GM-CSF in patients with moderate to severe asthma (AS), allergic rhinitis only (AR), and non-allergic controls
(NA) determined by ELISA. *P < .05; **P < .01; ***P < .001, by one-way analysis of variance with Bonferroni’s multiple range test. Lines denote median level of cytokines.

nal ends of the target protein. The sequence of His-tag binding to
divalent cations (Ni**) immobilizing the histidine-binding metal
chelation resin (Novagen) and the resulting fusion protein were
recovered by elution with 1 M imidazole. Briefly, an overnight
culture was diluted 1:100 into 200 mL Luria-Bertani broth contain-
ing 25 pug/mL kanamycin for pET30-BL21 (DE3) or 100 ug/mL am-
picillin for pQE30-M15. Protein expression was induced by isopro-
pyl thio-b-D-galactoside at concentrations of 0.1 to 1 mM. The cells
were harvested after 16 hincubation at 37°C. Recombinant proteins
were purified using the rapid affinity column chromatography with
the pET-His-Tag system as described by the manufacturers (Nova-
gen). Protein concentration was determined using the Bio-Rad
Bradford assay (Bio-Rad, Hercules, California). Bovine serum albu-
min was used as protein standard.

Recombinant Allergen-Based IgE ELISA

Sera from 64 subjects were used to determine specific IgE
antibodies torPera 1, rPera 2, rPer a 3, rPer a 4, rPer a 5, rPer a6,
rPer a 7, and rPer a 9. Optimal concentrations of antigen and
conjugate were determined by checkerboard titration. Purified
recombinant proteins (0.5 ug/well) in coating buffer (0.1 M
sodium carbonate, pH 9.6) were used to coat the 96-well plate
(Nunc, Denmark) in duplicate and incubated at 37°C for 2 hours.
The plate was blocked with 2% bovine serum albumin and incu-

bated overnight at 4°C with a 1:10 dilution of patients’ or nonal-
lergic sera.

After washing, antibody binding was detected using alkaline
phosphatase-labeled mouse anti-human Ig monoclonal antibody,
with p-nitrophenyl phosphate (Sigma, St. Louis, Minnesota) as a
substrate. The optic density (OD) was determined at 405 nm on a
Sunrise Absorbance Reader (TECAN, Grodig, Austria). The cutoff
value was defined as [mean OD values of 23 nonallergic samples +
2 standard deviations].

Statistical Analysis

Comparison of chemokine levels within groups was performed
using one-way analysis of variance. Chi-squared analysis was used
for comparison of IgE-binding frequencies of the 8 recombinant
allergens between the study groups.

Results

Demographic Data

Table 2 summarizes the demographic data of 64 subjects. The AS
group had 21 subjects with moderate to severe asthma who re-
quired at least step 3 therapy from the 2006 Global Initiative for
Asthma guidelines. The AR group had 20 subjects with allergic
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Fig. 2. (A) Coomassie blue-stained SDS-PAGE and (B) immune-blotting of purified
recombinant proteins expressed from E. coli. Lanes 1-7, Per a 1-7; lane 8, Per a 9;
Lane M, protein marker.

rhinitis but without asthma clinically. Twenty-three subjects com-
posed the NA groups.

Serum Levels of IL-8, MCP-1, CCL-20, and GM-CSF

Serum levels of IL-8, MCP-1, CCL-20, and GM-CSF in sera from
the 3 groups are shown in Figure 1. Serum levels of IL-8, MCP-1, and
CCL-20 in patients of the AS group were significantly higher than
those of the AR and NA groups. GM-CSF was significantly elevated
in the AS group compared with the NA group. The data suggested
that these 3 subject groups not only differed in clinical severity of
airway allergy but also in baseline inflammatory chemokines.

SDS-PAGE and Immunoblotting with Pooled Patient Sera

The cDNAs coding for Pera 1, 2, 3,4, 5, and 7 were inserted into
the plasmid pET30 and expressed in E. coli BL21(DE3) as recombi-
nant fusion proteins. The cDNAs coding for Per a 6 and 9 were
cloned into pQE30 and expressed at high levels in E. coli M15 as
non-fusion proteins. Both fusion and non-fusion proteins were
purified using affinity chromatography, and purified recombinant
proteins were subjected to SDS-PAGE and immunoblotted with
pooled patient sera to confirm their IgE reactivity. After electropho-
resis, all 8 recombinant proteins migrated as a single band and
displayed more than 95% purity by Coomassie blue staining (Fig
2A). The molecular weights of recombinant proteins found on SDS-
PAGE gels were identical to that calculated from the cDNA. For immu-
nodetection, IgE antibodies from cockroach-allergic patients specifi-
cally recognized and bound all 8 recombinant proteins (Fig 2B).

IgE-Binding Profile to Recombinant Allergens by ELISA

Sera from 64 subjects were tested for IgE profiles to 8 purified
recombinant cockroach allergens by ELISA. All patients with cock-
roach allergy reacted to at least 1 recombinant allergen, but no
specific patterns were observed between the 2 groups (Table 3). No
differences were seen between the AS and AR groups regarding the
numbers of IgE-binding allergenic components (mean 4.2 vs 4.3,
P = .979). A highly variable individual sensitization pattern was

seen among patients. None of the subjects in the NA group reacted
to any recombinant allergen tested (data not shown). However,
when looking at the IgE-binding frequencies to individual recom-
binant cockroach allergens, as high as 81% (17 of 21 subjects) of AS
patients had IgE-binding activity to Per a 2, which was significantly
higher than that in the AR group (45%, P < .05). In contrast, 16 of 20
AR patients had IgE-binding activity to Per a9 (80%) compared with
only 6 of 21 AS patients (28.5%, P < .01) (Fig 3).

Discussion

Chemokines have been related to the severity of asthmatic in-
flammation. Interleukin-8 is a potent chemo-attractant for neutro-
phils, T cells, basophils, and eosinophils and is relevant to the
pathogenesis of asthma.'" CCL-20 is the only chemokine known to
interact with CC chemokine receptor 6 (CCR6) to form the ligand-
receptor pair CCL20-CCR6, which is responsible for the chemo-
attraction of immature dendritic cells, effector/memory T-cells,
and B-cells, and plays a role in skin and mucosal surfaces under
homeostatic and inflammatory conditions.?® GM-CSF is known to
stimulate the production of leukocytes and mediate allergic airway
inflammation elicited after intranasal exposure of mice to house
dust mite.?” Several studies demonstrated that MCP-1 plays a sig-
nificant role in the pathogenesis of allergic asthma as a potent
chemo-attractant for eosinophils, memory T cells, and mono-
cytes.?® Patients of the AS group had both upper and lower airway
allergies to cockroaches clinically and had higher serum IL-8,
MCP-1, CCL-20, and GM-CSF. This suggests that patients in this
group had more severe and systemic inflammatory responses. Pa-
tients of the AR group had upper airway allergy only and signifi-
cantly lower IL-8, MCP-1, and CCL-20 levels.

The current study investigated the IgE-binding activity to 8
American cockroaches from patients with different severities of
airway allergy to cockroaches and found that the numbers of IgE-
binding allergens do not correlate with clinical severity of airway
allergy. However, patients with asthma (AS group) had an 81%
prevalence of IgE-binding activity to Per a 2, which was signifi-
cantly higher than those of patients with allergic rhinitis only (AR
group) (45%, P < .05). In contrast, 80% of AR patients had IgE-
binding activity to Per a 9, compared with only 28.5% of AS patients
(P < .01). This suggested that IgE-binding allergens are not of equal
importance. Sensitization to Per a 2 correlates with more severe
airway allergy, and elevated proinflammatory chemokines IL-8,
MCP-1, CCL-20, and GM-CSF suggested that sensitization to Per a 2
may be an important indicator for cockroach allergy to develop
asthma. However, because patients in our study were those with
established diseases, and the in vitro reactivity of the recombinant
allergens may not be identical with the corresponding native aller-
gens in vivo, we need more experiments to validate the causal
relationship between Per a 2 and allergic asthma.

Little information is available regarding the biological and immu-
nologic characterization of Per a 2. From the literature, Per a 2 is an
inactive aspartic protease and, as in the current study (accession no.
GU188391), it has only 42 to 44% identity with Bla g 2.12°3° Studies on
Bla g 2 showed that 5 disulfide bridges and a Zn-binding site provide
stability to the protein and make this particular allergen able to sensi-
tize patients at lower levels of exposure than other allergens.*° The
protease activity in Bla g 2 does not seem to be related to its allerge-
nicity.®' Erban et al*? have recently reported that Bla g 2 can exist in
cockroach feces for as long as 406 days in an apartment with a room
temperature of 25°C and 85% room humidity.>? This warm and humid
environment is similar to that in Taiwan, which may encourage the
long existence of Per a 2 in the environment. However, no report has
addressed the correlation of sensitization to Per a 2 and allergic
asthma.

In a recent study, 5 peptide fragments of Bla g 2 were produced
and indicated that amino acid residues 1 through 75 and 146
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Table 3
Individual IgE-Binding Profiles to Purified Recombinant Allergens by ELISA
No. ImmunoCAP-i6? (KU/L) Peral Pera2 Pera3 Per a 4 Pera 5 Pera 6 Pera?7 Pera9
A-1 0.44 0.327 0.276 0.532 0.207 0.343 0.121 0.168 0.147
A-2 0.49 0.55 0.288 0.292 0.377 0.476 0.385 0.263 0.182
A-3 1.07 0.204 0.252 0.481 0.191 0.302 0.123 0.27 0.153
A-4 14 0.143 0.202 0.196 0.218 0.138 0.414 0.137 0.121
A-5 15.9 0.553 0.273 0.169 0.165 0.439 3.887 0.37 3.803
A-6 0.62 0.235 0.453 0.308 0.267 0.305 0.081 0.299 0.169
A-7 2.1 0.496 0.269 0.226 0.476 0.295 0.157 0.253 0.187
A-8 2.07 0.078 0.162 0.131 0.105 0.407 0.054 0.065 0.062
A-9 7.11 0.098 0.291 0.137 0.18 0.061 0.056 0.055 0.056
A-10 2.56 0.231 0.283 0.221 0.568 0.132 0.112 0.108 0.083
AS A-11 3.8 0.324 0.299 0.245 0.248 0.23 0.123 0.125 0.147
A-12 2.87 0.577 0.32 0.326 0.472 0.396 0.292 0.272 0.825
A-13 0.78 0.389 0.298 0.331 0.37 0.288 0.127 0.174 0.152
A-14 1.34 0.233 0.9 0.985 0.482 0.768 1.223 0.637 0.8
A-15 0.38 0.083 0.076 0.12 0.063 0.097 0.629 0.057 0.059
A-16 0.83 0.148 0.487 0.28 0.165 0.476 0.093 0.26 0.773
A-17 24 0.231 0.168 0.226 0.264 0.809 0.741 1914 1.08
A-18 1.41 0.167 0.279 0.379 0.464 0.348 0.262 0.292 0.153
A-19 0.54 0.545 0.308 0.177 0.231 0.196 0.109 0.139 0.094
A-20 0.74 0.173 0.296 0.283 0.085 0.228 1.101 0.088 0.093
A-21 0.85 0.751 0.27 0.253 0.766 0.412 0.274 0.331 0.289
B-1 0.53 0.233 0.295 0.25 0.236 0.225 0.264 0.185 0.121
B-2 4.27 0.662 0.274 0.25 0.22 0.515 0.301 0.25 0.398
B-3 2.83 0.427 0.282 0.253 0.373 0.206 0.11 0.135 0.131
B-4 1.59 0.391 0.186 0.28 0.486 0.301 0.124 0.201 0.261
B-5 0.53 0.117 0.26 0.251 0.156 0.321 0.322 0.198 0.268
B-6 1.22 0.099 0.149 0.145 0.165 0.138 1.635 0.123 0.09
B-7 0.66 0.218 0.114 0.103 0.227 0.159 0.073 0.29 0.089
B-8 0.86 0.211 0.12 0.132 0.191 0.216 0.084 0.165 0.267
B-9 0.91 0.512 0.356 0.365 1473 0.47 0.288 0.479 0.373
AR B-10 0.464 0.196 0.155 0.151 0.143 0.203 0.094 0.154 0.313
B-11 5.99 0.243 0.196 0.253 0.199 0.3 0.144 0.271 0.273
B-12 0.53 0.267 0.169 0.129 0.346 0.216 0.113 0.131 0.263
B-13 0.49 0.526 0.354 0.263 0.225 0.499 0.293 0.263 0.561
B-14 0.54 0.421 0.271 0.361 0.571 0.766 1.625 0.397 0.279
B-15 0.6 0.14 0.148 0.133 0.12 0.314 0.088 0.108 2.826
B-16 5.79 0.227 0.118 0.128 0.234 0.237 3.84 3.575 4.61
B-17 3.09 0.519 0.447 0.277 0.919 0.415 0.289 0.352 0.264
B-18 3.68 0.337 0.157 0.143 0.245 043 0.286 0.252 2.043
B-19 0.38 0.113 1.688 1.632 1.076 1.685 0.89 0.942 1.382
B-20 1.07 0.095 0.174 0.169 0.155 0.22 0.164 0.107 0.265
Abbreviations: AS, persisted asthma with allergic rhinitis; AR, allergic rhinitis only.
Data were mean OD values.
Bold data were positive results above the cutoff value (0.25).
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Fig. 3. IgE-binding prevalence to 8 recombinant allergens in sera of patients with moderate to severe asthma (AS, n = 21) or with allergic rhinitis only (AR, n = 20). *P < .05;

**P < .01, by x? analysis.
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through 226 were important for IgE-binding.>®> However, the struc-
turally diverse feature of group 2 cockroach allergens and their
allergenicity warrant further investigation. Except for the potential
environmental aspect, the mechanisms by which Per a 2 sensitizes
patients also need further investigation.

Per a 9 is an arginine kinase that has been identified as a pan-
major allergen of many insect and crustaceans.®*>° The seasonal
levels of Per a 9 in Bangkok, Thailand, correlate with disease exac-
erbation.*® However, this study does not specify whether the dis-
ease exacerbation is of the upper airways only or both the upper
and lower airways. In the current study, subjects sensitized to Per a
9 seem to have less lower airway sensitization and lower serum
pro-inflammatory chemokines. The role of Per a 9 in airway allergy
requires further investigation.

In conclusion, not all allergens from American cockroaches have
equal importance as regards pathogenicity. Sensitization to Per a 2
correlates with more severe airway allergy and elevated pro-in-
flammatory chemokines. This finding may be helpful in selecting a
target allergen for component-resolved diagnosis and for immuno-
therapeutic agents.
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