Cockroach Allergens
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Cockroaches produce several potent allergens associated
with sensitization and the development of asthma. Many of
these allergens have been cloned and produced as biologi-
cally active recombinant proteins. Three-dimensional struc-
ture and molecular modeling, in addition to studies on the
biological functions of these proteins in the cockroach, have
provided new insights into the ability of these allergens to
cause immunoglobulin E antibody responses. Recent
studies have pointed to a potential role of recombinant
cockroach allergens for diagnosis and the development of
novel therapeutic strategies that may benefit cockroach-
allergic patients.

Introduction

During the past three decades, the prevalence of asthma
has increased to epidemic proportions in developed coun-
tries, and asthma is the most common chronic disease in
children. Evidence suggests that events taking place
between 2 and 3 years of age might be crucial determinants
for the development of asthma. Environmental factors,
including allergen exposure, acting early in life, and inter-
acting with specific genes, are key events for the develop-
ment of the chronic, persistent form of the disease [1-3].
Cockroach allergy has been recognized as an important
cause of asthma for more than 30 years [4]. Bernton and
Brown [5] were the first to report positive skin tests to cock-
roach in 44% of 755 allergy clinic patients in New York.
Subsequently, many authors recognized that patients with
asthma who lived in cities were commonly sensitized to
this insect. Kang et al. [6] established the causal relation-
ship between cockroach allergy and asthma, by showing
early-phase, late-phase, and dual bronchoconstriction
following inhalation of cockroach extract by sensitized
asthmatic patients. More recently, results of specific inhala-
tion challenges with Blattella germanica extract, performed
in cockroach-allergic asthmatic patients, revealed that
cockroach allergens were capable of inducing a strong
inflammatory response in the airways, characterized by the

presence of eosinophils and neutrophils in induced
sputum [7]. These studies have clearly demonstrated that
asthma caused by cockroaches is antigen-specific and that
it is similar to other types of atopic asthma. In the United
States, the prevalence of cockroach allergy ranges from
17% to 41% in various studies involving both children and
adults [4].

The most common domiciliary species of cockroach
are B. germanica (German cockroach) and Periplaneta amer-
icana (American cockroach). B. germanica is a small cock-
roach, approximately %" in length, that commonly infests
houses in the United States. Kitchens and bathrooms are
preferential sites for infestation. P. americana is a large
cockroach, approximately 2" in length, which infests
houses, schools, hospitals, and other large buildings.
American cockroaches have less fecundity than German
cockroaches and require higher temperatures (~80°F) and
humidity for optimal population growth, being the
predominant species in tropical countries, including
Taiwan and Brazil [4].

Several cockroach allergens have been identified,
cloned, sequenced, and produced as recombinant proteins
with preserved biological activity during the past 15 years.
Recombinant cockroach allergens offer the possibility of
improving diagnosis and treatment of patients with cock-
roach allergy. Cockroach extracts currently available in the
United States are highly variable in their protein content
and levels of major allergens Bla g 1 and Bla g 2, and are
characterized by inconsistent potency [8]. The public
impact of cockroach allergy has prompted the selection of
cockroach extracts for standardization by the US Food and
Drug Administration (FDA), and this process is underway.
Well-designed, controlled studies investigating the effect of
immunotherapy in the management of cockroach-allergic
patients are lacking. Furthermore, strategies for decreasing
environmental exposure to cockroach allergens have
proven to be difficult to implement. Cockroach allergens
may remain detectable in the environment even after suc-
cessful extermination of cockroach populations.

Exposure and Sensitization

to Cockroach Allergens

Cockroach allergy is strongly linked to socioeconomic
factors, and it occurs wherever living conditions sustain
cockroach infestation [4]. Several studies have demon-
strated that most patients sensitized to cockroach were
exposed to high levels of cockroach allergens in their
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homes, and that cockroach allergy is an important risk
factor for emergency department visits for asthma and
hospital admissions. Results of the National Cooperative
Inner City Asthma Study (NCICAS) have revealed that
sensitization and exposure to cockroach allergens are
major risk factors for severity of asthma in children from
large cities in the United States [9]. More recently,
extended evaluation of a large group of children with
asthma living in cities across the United States confirmed
that cockroach allergen exposure in conjunction with
cockroach sensitivity was associated with increased
asthma morbidity, and suggested that cockroach allergens
have a greater effect on asthma morbidity, compared with
mite or pet allergens, among asthmatic children who live
in inner-city environments [10ee]. Although cockroach
infestation and exposure to cockroach allergens have been
linked more frequently with living in inner-city environ-
ments and having lower income and less education, it has
been shown that a significant proportion of middle-class
suburban children are exposed to levels of cockroach aller-
gen sufficient to cause sensitization [11]. The most likely
explanation for these findings would be passive distribu-
tion of cockroach allergens through carriage in shoes or
paper products.

A prospective study has demonstrated a significant
association between exposure to cockroach allergens in the
first 3 months of life and the development of repeated
wheeze in the first year, among children from metropoli-
tan Boston [12]. Studies of siblings of the index children
participating in the Boston cohort showed that exposure to
cockroach allergens early in life was also associated with
doctor-diagnosed asthma and recurrent wheezing during a
22-month follow-up period [4]. Children exposed to
greater than 2 U/g Bla g 1 or Bla g 2 in the home had a
relative risk for incident asthma of 35% and were at risk for
recurrent asthmatic wheezing. Early exposure to cockroach
was reported to be a risk factor for more severe symptoms
of asthma in a multi-ethnic sample of low-income infants
younger than 2 years living in Denver [13]. Furthermore,
sensitization to German cockroach was shown to be a criti-
cal factor for decreased pulmonary function in middle-
school children with asthma living in Taiwan [14].

Our studies carried out in Brazil revealed that cock-
roach allergy is present in 55% of patients with asthma
and/or rhinitis who are attending allergy specialty clinics
[15]. Cockroach sensitization was also a significant risk
factor for wheezing among children 2 to 12 years old who
required treatment of acute symptoms at emergency
departments [16ee]. In this study, respiratory viral infec-
tions, particularly those caused by respiratory syncytial
virus (RSV), were major risk factors for acute wheezing
among children 0 to 2 years old. Prospective follow-up of
these infants for 2 years revealed that 52% continued to
have repeated episodes of wheezing between 2 and 4 years
of age, and this outcome was highly associated with the
development of sensitization to indoor allergens [17].

Allergen sensitization, to house dust mites and cockroach
in particular, and early exposure to cockroach allergen were
strong and independent risk factors for persistence of
wheezing among these children living in a subtropical
environment. Our results suggest high rates of sensitiza-
tion to these allergens. In our prospective study [17], 74%
and 37.5% of children were exposed to high levels of mite
and cockroach allergens in their homes, respectively, simi-
lar to other reports from Brazil [18e,19]. Previous studies
in our area have shown that daycare centers and schools
are sources of significant exposure to mite and cockroach
allergens [20], which might also contribute to sensitiza-
tion, and that exposure to cat and dog allergens has been
consistently low, in both homes and schools [18e,20].
Sensitization to pets, which are usually kept outdoors, has
been low and not associated with acute wheezing among
our patients.

Allergens

Cockroach allergens are derived from several sources,
including saliva, fecal material, secretions, cast skins,
debris, and dead bodies. Significant amounts of allergen
can be recovered from cockroach washings and from the
secretory debris that accumulate in jars where cockroaches
are kept in the laboratory. Several cockroach allergens,
from both B. germanica and P. americana, have been puri-
fied, sequenced, cloned, and produced as recombinant
proteins [21].

The first cockroach allergens to be identified, using
immunochemistry, were Bla g 1 and Bla g 2. Blag 1 has an
unusual structure consisting of a series of up to seven
tandem repeats, each approximately 100 amino acid resi-
dues in length, and includes an allergen originally reported
as Bla g bd90K [22-24]. Bla g 1 is also the only B. german-
ica allergen that has a structural homologue in P. americana
(Per a 1). These cross-reactive group 1 cockroach allergens
(Blag 1 and Per a 1) show 30% homology to a mosquito
(Anopheles gambiae) protein precursor ANG12, which is
secreted only in the female insect after a blood meal. This
suggests that these allergens may have a digestive function.

Bla g 2 appears to be an especially potent allergen,
which elicits immunoglobulin (Ig)E responses in approxi-
mately 60% of cockroach-allergic patients, at exposure
levels that are 10-fold to 100-fold lower than other
common inhalant allergens, such as dust mite and cat. It
has been found in cockroach gut tissues, raising the possi-
bility that Bla g 2 could be a digestive enzyme. Molecular
cloning techniques determined the amino acid sequence of
Bla g 2 and established that it is a 36-kDa protein that
shares homology with the family of aspartic proteases [25].
Aspartic proteases catalyze the hydrolysis of a peptide
bond using an acid-base mechanism, through a nucleo-
philic attack by the water molecule, which is polarized by
two catalytic aspartic acid (D) residues within the
conserved DTG triad. Molecular modeling and assessment
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of enzymatic activity by functional assays revealed that Bla
g 2 is an inactive aspartic protease, with critical amino acid
substitutions around the catalytic residues. Therefore,
enzymatic activity does not seem to account for promoting
allergenic activity of Bla g 2, as it has been suggested for
several mite allergens (Der p 1, Der p 3, Derp 6, and Der p
9) that function as proteolytic enzymes. Primary structure
of Bla g 2 is related to groups of inactive mammalian
aspartic proteases, known as pregnancy-associated glyco-
proteins (PAG), which are expressed in the chorion of
pregnant females from ungulates, including pig, horse,
cow, and sheep. Recently, the crystal structure of Bla g 2 has
been solved, providing insights into the structural basis for
the allergenic properties of the molecule [26¢¢]. Amino
acid substitutions and unusual features of the structure of
the active site, including increased distance between the
catalytic residues, are likely to explain the absence of enzy-
matic activity of Bla g 2. In addition, presence of five disul-
fide bridges and a Zn-binding site increase stability of the
allergen structure and may contribute to sensitization at
lower levels of exposure than other allergens.

Previously, we have reported the cloning and expres-
sion of Bla g 4, which belongs to a super family of ligand-
binding protein (calycins or lipocalins) [27]. This family
includes other important allergens, such as mouse and rat
urinary proteins, dog allergens Can f 1 and Can f 2, B-lacto-
globulin from cow’s milk, and bovine and equine aller-
gens. The lipocalins are extracellular proteins that bind
hydrophobic molecules with high affinity and selectivity.
Three-dimensional models of the tertiary structure of Bla g
4 were obtained, and predicted a similar structure to other
members of the calycin family [27]. Recombinant Bla g 4
expressed in bacteria and yeast has excellent allergenic
activity [28]. A recent study revealed that Bla g 4 is
expressed only in the adult male reproductive system and
that the allergen production is stimulated by the juvenile
hormone [29ee].

Other B. germanica allergens include Bla g 5, which
shows sequence homology to glutathione-S-transferase
(GST) enzymes, and Bla g 6, a troponin [30]. GSTs are
enzymes involved in the detoxification of endogenous and
xenobiotic toxic compounds, and in insects, GST produc-
tion is associated with resistance to insecticides. Allergens
from P. americana that are reactive with sera from patients
living in Taiwan have been reported, including Per a 3, an
insect storage protein related to arylphorin [4]

Using sera from cockroach-allergic asthmatic children
to screen a P. americana cyclic DNA library, we have iden-
tified a major cockroach allergen, which showed a high
degree of sequence identity to tropomyosins from inver-
tebrates, particularly from mites (80% identity) and
shrimp (82% identity), and has been designated as Per a
7 [15]. More recently, tropomyosins from B. germanica
and P. fuliginosa (the dusky-brown cockroach) have been
identified, and sequence analysis revealed that these
proteins presented 97% to 98.9% identity to P. americana

tropomyosin [31,32]. Tropomyosins had been previously
identified as important allergens in mites (D. pteronyssi-
nus and D. farinae, Der p 10 and Der f 10, respectively)
and shrimp. Interestingly, a monoclonal antibody raised
against D. pteronyssinus, shown previously to bind to
shrimp tropomyosin, also recognized cockroach
tropomyosin on immunofluorescence. Our results raised
the possibility that tropomyosin may be the basis for
cross-reactivity among mites, cockroach, shrimp, and
other invertebrates and that the high degree of sequence
identity has clinical significance.

In a recent study, the use of recombinant cockroach
allergens to investigate IgE and IgG antibody responses in
patients with cockroach allergy and to establish IgE reactiv-
ity profiles has been reported. Using a streptavidin CAP
assay and a multiplex flow cytometric assay, the prevalence
of IgE antibodies to recombinant allergens rBlag 1, rBla g
2,1Blag4, rBlag5, and rPera 7 was 26.1%, 54.4%, 17.4%,
37.4%, and 12.7%, respectively, among cockroach-allergic
patients [33ee]. Sixty-four percent of sera presented IgE
antibodies to at least one allergen, and specific IgE anti-
bodies were associated with increased IgG-antibody levels.
These results indicate that the potential use of recombinant
allergens for diagnostic purposes may increase our ability
to define distinct patterns of IgE and IgG reactivity among
cockroach-allergic patients.

Cross-reactivity Among Insect, Mite,

Food, and Parasite Antigens:

The Role of Tropomyosin

Tropomyosins are proteins that have a functional role in
contraction of muscle cells and participate in regulation
of cell morphology and motility in nonmuscle cells
[34]. In muscle, two parallel alpha-helical tropomyosin
molecules are wound around each other to form a coiled
structure. In invertebrates, tropomyosins have been
recognized as an important cause of IgE antibody
responses. Interestingly, the reported frequency of IgE
reactivity to mite or cockroach tropomyosins has been
much lower among allergic patients living in Europe or
the United States (10% to 13%), compared with those
living in Africa or Brazil (50%-55%) [15,33ee,35e].
These observations may reflect sensitization by other
invertebrates containing tropomyosin as a cross-reactive
allergen, such as parasites.

Extensive studies on IgE-binding epitopes have
provided strong molecular evidence for cross-reactivity
among invertebrate tropomyosins [36]; however, currently,
it is not clear whether allergenic cross-reactivity among
mites, cockroaches, and food is clinically relevant. Symp-
toms of food allergy after ingestion of shrimp and snails
have been reported in European patients allergic to mites,
and many of these patients received mite immunotherapy
[37]. IgE antibody reactivity to shrimp among Orthodox
Jews, who are prohibited from eating shellfish, has been
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reported. Evidence indicates that this reactivity appears to
be due to cross-reacting tropomyosin [38].

Previous inhibition studies have identified IgE cross-
reactivity of insects and parasites, and it has been suggested
that this cross-reactivity may also be due to tropomyosin.
Sequence of tropomyosin from A. simplex, a fish parasite
associated with induction of urticaria and other allergic
symptoms in subjects who have ingested contaminated
food, revealed that tropomyosins in nematodes are highly
conserved [34]. We have recently determined the complete
sequence of the A. lumbricoides tropomyosin, and have
demonstrated that A. lumbricoides tropomyosin is an IgE-
binding protein. Sequencing revealed a high degree of
identity of Ascaris tropomyosin to tropomyosins from mites,
cockroach, shrimp, and other parasites such as A. simplex
and Onchocerca volvulus (69% to 98%).

The relationship of asthma and allergy with helmin-
thic infections remains controversial [39,40ee,410¢].
Several issues, including age of initial parasitic infection,
parasite load, type of parasite, socio-economic condi-
tions, lifestyle, and environmental allergen exposure, may
play roles in the complex relationship of parasite infec-
tions and development of allergic diseases. Our results
prompted us to speculate that cross-reactive allergens,
such as tropomyosin, at the time of the initial Ascaris
infections, could facilitate subsequent development of
cross-reactive IgE antibody responses upon exposure to
mite or cockroach, which could lead to airway inflamma-
tion and asthma. Therefore, infection with Ascaris could
have an adjuvant effect on the development of asthma, in
the subset of Ascaris—infected individuals who develop
IgE responses to tropomyosin [39,42].

Environmental Control

Although cockroach allergens are found throughout the
house, including beds, furniture, and carpets, cockroach
allergen levels are highest in the kitchen [21]. Cockroach
aeroallergen particles have similar properties to mite aller-
gens, in that they are relatively large (> 10 um diameter),
are detectable mainly after disturbance, and are thought to
fall rapidly. In keeping with this, patients are usually not
aware of being allergic to cockroach and do not report
symptoms of asthma on entering a house that is infested
with roaches. Intranasal and air samplers, in conjunction
with a sensitive immunostaining system, have been used to
investigate the behavior of cockroach allergen-carrying
particles. Bla g 1-carrying particles could be detected
during quiet domestic activity or even under no distur-
bance, both in the air and in nasal filters, in houses
containing low levels (geometric mean 1.5 U of Bla g 1/g
of dust) of allergen in Australia. In agreement with previ-
ous studies, airborne particles containing cockroach aller-
gen are associated with particles larger than 10 mm. These
particles, described as flakes or fibers, may contain

sufficient allergen to induce sensitization and chronic
inflammation upon inhalation [4].

Control of cockroach exposure has been considered
difficult, and, as mentioned, this issue has been investi-
gated in inner city houses. Although aggressive treatment
of cockroach-infested houses with insecticides promptly
reduces the number of roaches, allergen levels may
remain elevated in the environment for up to 6 months
[43-45]. It is suggested that cockroach extermination
needs to be coupled with thorough cleaning measures to
achieve effective control of allergen exposure. Indeed,
more recent studies indicate that a combined interven-
tion strategy, comprising occupant education, insecticide
application, and professional cleaning, resulted in
substantial reductions in cockroach-allergen concentra-
tions in inner-city homes [46,47]. A home-based, individ-
ualized, intervention study carried out among inner-city
children with atopic asthma, which included education
and remediation for exposure to both allergens and envi-
ronmental tobacco smoke, resulted in reduction of
asthma-associated morbidity [48ee].

Conclusions

Cockroach allergy is an important risk factor for asthma
worldwide. In the United States, evidence consistently
indicates that the combination of sensitization to cock-
roach and exposure to cockroach allergens in the home is
associated with more severe asthma among children living
in inner-city environments. Strategies to decrease environ-
mental exposure to cockroach allergens require extensive
cleaning, education, and insect extermination, which may
be difficult to maintain. Further studies investigating novel
therapeutic strategies for cockroach allergy may include the
use of recombinant allergens or standardized extracts for
allergen-specific immunotherapy.
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