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Abstract

Purpose of review—This review addresses the most recent developments on cockroach allergen 

research in relation to allergic diseases, especially asthma.

Recent findings—The number of allergens relevant to cockroach allergy has recently expanded 

considerably up to 12 groups. New X-ray crystal structures of allergens from groups 1, 2 and 5 

revealed interesting features with implications for allergen standardization, sensitization, diagnosis 

and therapy.

Summary—Cockroach allergy is strongly associated with asthma particularly among children 

and young adults living in inner-city environments, posing challenges for disease control. 

Environmental interventions targeted at reducing cockroach allergen exposure have provided 

conflicting results. Immunotherapy may be a way to modify the natural history of cockroach 
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allergy and decrease symptoms and asthma severity among sensitized and exposed individuals. 

The new information on cockroach allergens is important for the assessment of allergen markers of 

exposure and disease, and for the design of immunotherapy trials.
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Introduction

Cockroach allergy has been established as an important cause of asthma for over 50 years. 

Bernton and Brown, in 1964, were the first to report the presence of positive skin tests to 

cockroach extract among patients living in New York [1]. Subsequent studies by Kang et al. 

established a causal relationship between cockroach allergy and asthma by demonstrating 

bronchoconstriction following inhalation of cockroach extract by cockroach allergic 

asthmatic patients [2].

Environmental exposure to cockroach has been linked to cockroach sensitization and 

asthma. A large number of cockroach species exist worldwide (approximately 4,000 

species), but only few are domiciliary cockroaches, including around 25 species (Order 

Blattaria, Class Insecta, Phyllum Arthropoda) [3]. Two species, German cockroach (Blattella 
germanica) and American cockroach (Periplaneta americana) predominate in temperate and 

tropical areas, respectively. The German cockroach prefers cool and dry climates (i.e. 

Europe and USA), whereas the larger American cockroach is common in hot and humid 

conditions (i.e. Taiwan, Brazil and Thailand) [4,5]. These two species are the main focus of 

allergy research. Sensitization to cockroach allergens is one of the strongest risk factors for 

the development of asthma in low-income urban populations worldwide. A recent review by 

Do et al. highlights that the prevalence of cockroach allergy ranges from 17 to 41% in the 

United States (US), with cockroach allergens being detected in 85% of inner-city US homes. 

Based on skin prick testing, 60–80% of inner-city children with asthma are sensitized to 

cockroach [6].

This review describes progress on research about cockroach allergens, especially within the 

last three years, and implications for diagnosis and therapy.

Cockroach allergy and inner-city asthma

It is well established that inner-city children present a high burden of asthma symptoms and 

morbidity even when complying with guidelines-directed management [7]●●[8]. 

Cockroach and mouse represent a significant percentage of allergic sensitization in this 

population, which is highly exposed to allergens from both sources [9,10]●●[11]. In 

particular, the combination of exposure and sensitization to cockroach appears to have a 

greater effect on morbidity and severity of asthma than exposure and sensitization to other 

allergens including dust mites or pets, among inner-city children and young adults with 

asthma [12]. Association with increased severity was also described among cockroach 

allergic adult patients with asthma [6,13]. Likewise, mouse-sensitized urban children are at 

increased risk for asthma prevalence and severity [9,14,15]. More than 50% of urban 
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children with asthma are sensitized to either mouse or cockroach, and co-exposure is 

common [9]. Ahluwalia et al. observed that sensitization/exposure to both mouse and 

cockroach was associated with worse asthma in an inner-city community in Baltimore 

exposed to high levels of both allergens. However, mouse allergen appeared to be more 

strongly and consistently associated with poor asthma outcomes than cockroach allergen 

[16,17].

The Inner-City Asthma Consortium - Asthma Phenotypes in the Inner City (APIC) study 

contributed to understanding the role of host and environmental factors influencing severity 

of asthma among inner-city children and adolescents in the US ●●[18,19]. Results of this 

study revealed that, in spite of good adherence to optimal treatment, inner-city children and 

adolescents with difficult-to-control asthma had little improvement in symptoms, 

exacerbations, and pulmonary physiology over a one-year follow-up. Bronchodilator 

responsiveness, pulmonary physiology measures, atopy and rhinitis severity were associated 

with a necessity for high-dose asthma controller therapy ●●[8]. In particular, total serum 

IgE levels, mold sensitization, and the total number of allergen sensitizations at baseline 

distinguished patients with difficult-to-control asthma, from those with easy-to-control 

disease. Sensitization to cockroach and mouse was not found to be significantly associated 

with severity, probably due to the fact that the relevance of these allergens to disease is 

strongly linked to both sensitization and exposure [12].

A conceptual model was constructed with data from 561 children 6- to 17-year-old with 

asthma and rhinitis from 9 US inner cities, in the APIC study, who were prospectively 

evaluated every 2 months for 1 year. Allergen sensitization, allergic inflammation, 

pulmonary physiology, environmental tobacco smoke (ETS) exposure, and rhinitis severity 

were significantly related to asthma severity, whereas stress, obesity, and vitamin D showed 

no significant effect on disease severity ●●[18]. Allergen sensitization was the strongest 

association detected (linked to allergic inflammation, and subsequently to pulmonary 

physiology and rhinitis severity) to contribute to asthma severity, suggesting that allergen 

sensitization could be the originating domain among the multiple pathways involved in 

severity of the disease ●●[18].

In conjunction, these data highlight the importance of allergen sensitization and its 

consequences in children with asthma in low-income areas of US inner cities ●●[11]. 

Personalized care in this population may require emphasis on environmental allergen 

management, allergen desensitization, and anti-Th2 therapy, which would be appropriate for 

most asthma phenotypes. In this regard, total IgE measurement and assessment of IgE to 

environmental allergens, including cockroach and mouse, are among the priorities for 

identifying inner-city children with difficult-to-control asthma ●●[8].

Environmental interventions and anti-IgE therapy

The findings from studies of the Inner-City Asthma Consortium (ICAC) have shed light on 

the causes and treatment of asthma exacerbations among underprivileged and minority 

children. A comprehensive environmental intervention study, including specific measures 

addressing cockroach allergen exposure, made it possible to reduce allergen levels in the 
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homes of children with asthma, and this decrease was associated with improvement in 

symptoms. However, lesser improvement in asthma exacerbations was achieved; therefore 

the intervention was not sufficient to bring the children to optimal asthma control [20]. Other 

locations, including schools and day care, may be important sources for continued exposure 

[21].

Portnoy et al. developed a comprehensive practice parameter for assessment of 

environmental cockroach exposure and methods for allergen reduction and avoidance [22]. 

In addition to evidence of the presence of cockroaches by visual inspection or sticky trap 

placement, measurement of cockroach allergen levels could be useful to guide 

environmental interventions aimed at reducing cockroach exposure. The practice parameter 

acknowledges that a cutoff of 0.04 µg/g dust for cockroach allergen Bla g 2 has been 

proposed as a threshold below which sensitization is prevented, and that levels greater than 

0.08 µg/g have been associated with development of disease and symptoms [22]. In fact, 2 

U/g and 8 U/g of Bla g 1 or Bla g 2 have been considered thresholds of sensitization and 

asthma morbidity, respectively, for a long time (1 unit of Bla g 1 is equivalent to 0.1 µg [23] 

and 1 unit of Bla g 2 is equivalent to 0.04 µg [22,24,25]). However, there is evidence 

supporting a dose-response relationship between exposure and sensitization or disease, 

rather than the existence of specific thresholds. Bla g 1 levels greater than 0.1 µg/g dust or 

Bla g 2 levels greater than 0.04 µg/g have indicated an increased likelihood that there are 

sources of cockroach allergen production; therefore, it has been recommended that Bla g 1 

levels ideally should be reduced to less than twice these levels. Elimination of cockroaches 

carried out through an integrated pest management and removal of reservoirs of cockroach 

contaminants were the strongest recommendations to decrease cockroach exposure and 

reduce asthma morbidity [22].

A recent randomized controlled trial was conducted to determine the effect of a multifaceted 

indoor allergen avoidance intervention for over 40 weeks in reducing asthma controller 

therapy in adults and children with asthma residing in New York City, who were both 

sensitized and exposed to at least one indoor allergen, including cockroach ●[26]. The 

results revealed that the individualized intervention leading to effective reduction of 

household allergens (cockroach, mouse, dust mite, cat, and dog), did not allow for a 

significant reduction in therapy or improvement in control of asthma as compared with the 

non-intervention group ●[26]. On the other hand, a 12-month randomized trial of a single 

intervention, placement of insecticidal bait, resulted in sustained cockroach elimination and 

was associated with improved asthma outcomes in a group of 102 children aged 5 to 17 

years with moderate to severe asthma living in New Orleans ●[27]. In particular, children in 

control homes had more asthma symptoms and unscheduled health care utilization, and 

lower pulmonary function as compared with children from the intervention homes. The 

beneficial effect was more pronounced in children exposed and sensitized to cockroach [22].

It is becoming evident that, despite excellent control of symptoms by guidelines-based 

conventional asthma treatment, exacerbations still remained a significant problem that 

cannot be controlled in many inner-city patients, particularly during the seasonal pattern of 

fall peaks [19]●[28]. Two studies clearly demonstrated the added benefit of omalizumab to 

guidelines-based therapy in reducing fall asthma exacerbations and decreasing need for 
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asthma control medications [29]●[30]. These were the Inner-City Anti-IgE Therapy for 

Asthma (ICATA) trial, which included children and young adults 6 to 20 years of age with 

moderate-to-severe asthma treated for one year, and the Preventative Omalizumab or Step-

up Therapy for Severe Fall Exacerbations (PROSE) trial, which targeted fall exacerbations 

by beginning the intervention with omalizumab shortly before the start of school and 

continuing it through the fall season. Strikingly, ICATA patients both sensitized and exposed 

to cockroach (Bla g 1 levels ≥ 2 U/g) in their homes benefited most from omalizumab 

treatment, with a 71.2% reduction in exacerbations, greater improvement of symptoms, and 

greater reduction of dose of corticosteroids, as compared to the other study participants. 

These data suggested that combination of sensitization and exposure to cockroach could 

serve as marker for good clinical response to treatment with omalizumab among inner-city 

children and young adults with allergic asthma [29]. A recent study addressing children and 

adolescents with rhinovirus-triggered asthma exacerbations has shown that baseline mouse-

specific IgE and baseline dust mite-specific IgE levels each were associated with rhinovirus 

infection to increase severity ●●[31]. Subjects who were rhinovirus positive at the time of 

asthma exacerbation demonstrated an increase in mouse-specific, dust mite-specific and total 

IgE levels, compared to levels obtained when they had returned to their symptomatic 

baseline. This increase was significantly greater than that observed in virus negative 

subjects. A subset of children who had received treatment with omalizumab within 4 weeks 

before study enrollment, presented significant reduction of acute severity of rhinovirus-

triggered asthma exacerbation, reduction in the time to every-2-hours albuterol, and decrease 

in hospital length of stay ●[32]. In keeping with these observations, high titers of IgE 

antibody to dust mite allergen were associated with increased risk for acute wheezing 

provoked by rhinovirus among asthmatic children [33]. Similar effects are likely to occur 

among children and young adults living in areas where cockroach exposure and sensitization 

are predominant [29].

Cockroach exposure and sensitization in relation to development of asthma

Early exposure to cockroach may increase the risk of developing asthma among children 

from atopic families. Results of a birth cohort study revealed that children exposed to levels 

of Bla g 1 or Bla g 2 of 2 U/g dust or greater had a relative risk for incident asthma of 35.87 

that was ~4-fold higher compared to children with exposure to lower levels. Cockroach 

allergen exposure was also a significant predictor for recurrent wheezing by multivariate 

analysis [34].

A prospective study carried out in Brazil revealed that 52% of children seen at the 

Emergency Department for acute wheezing in the first 2 years of life presented three or more 

wheezing episodes in the past 12 months (persistent wheezers), after 2 years of follow up. 

Independent risk factors for persistence of wheezing were allergic sensitization and exposure 

to cockroach allergen in the kitchen [35].

An interaction between exposure to cockroach and environmental pollution has been 

uncovered. Perzanowski et al. showed that prenatal exposure to cockroach allergen among 

Dominican and African-American pregnant women in New York City was associated with a 

greater risk of allergic sensitization at the ages of 5 to 7 years. Risk was increased only 
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among children who were also exposed to nonvolatile polycyclic aromatic hydrocarbons 

(PAHs), with children null for the Glutathione-S-transferase µ 1 (GSTM1) mutation being 

particularly vulnerable. PAHs are ubiquitous environmental pollutants produced during the 

incomplete combustion of organic materials; urban children are exposed to high levels of 

lower-molecular-weight semivolatile PAHs. The study highlighted the fact that combustion 

byproducts can act as adjuvants in the development of cockroach sensitization in urban 

environments [36]. Jung et al. examined prospectively whether PAH exposure at ages 5 and 

9–10 years, would be associated with the development of sensitization to cockroach among 

inner-city children. Repeatedly high levels of PAH metabolites during childhood were 

associated with new sensitization to cockroach at age 9 years, which is linked to a well-

established risk of development of asthma ●●[37].

Additional factors might also play a role in recurrent wheezing early in life. The Urban 

Environment and Childhood Asthma (URECA) study, a birth cohort which enrolled 560 

inner-city children at high risk for asthma, examined the role of environmental factors in 

early childhood associated with recurrent wheezing. Cumulative exposure to cockroach, 

mouse, and dust mite over the first 3 years correlated with sensitization to these allergens at 

age 3 years, and allergen sensitization was positively associated to recurrent wheeze. 

However, contrary to expectations, exposure to high levels of cockroach, mouse, and cat 

allergen in the first-year of life showed a strong inverse correlation with recurrent wheeze at 

age 3 years. A nested case-control study involving 104 children of this cohort, which 

analyzed the bacterial content of house dust collected in the first year of life, revealed 

interesting results. The group of children with neither wheeze nor atopy had the highest first-

year exposure to allergens and to bacterial species identified as potentially protective against 

atopic wheeze, particularly members of the Bacteroidetes and Firmicutes phyla. 

Interestingly, these results suggested that exposure to high levels of allergens in combination 

with an environment rich in specific bacteria in early childhood might be beneficial, leading 

to a protective effect against wheeze and atopy [38].

Only few studies report associations between sensitization to specific allergens and disease. 

In Taiwan, the number of IgE-binding allergens did not correlate with the clinical severity of 

airway allergy to cockroaches. However, sensitization to Per a 2 correlated with more severe 

airway allergy and elevated proinflammatory cytokines: 81% of patients with persistent 

asthma and rhinitis (AS) (and only 45% of patients with allergic rhinitis only) were 

sensitized to Per a 2. In contrast, this association was inverted for Per a 9: 80% of rhinitis 

patients and only 28.5% of AS patients were sensitized to this allergen [39]. In agreement 

with this finding, Bla g 2 (followed by Bla g 5) was found to be a dominant allergen in a 

group of 118 US patients from which 70% were asthmatic [40]. Table 1 summarizes the 

reported prevalences of IgE sensitization to cockroach allergens. Additional information, 

including tropomyosin as a dominant cockroach allergen in Brazil, is provided in the section 

Recombinant cockroach allergens for diagnosis.

Mechanisms leading to cockroach allergy

In addition to genetic factors, different mechanisms of innate and adaptive immunity 

contribute to the development of cockroach allergy [41] (Figure 1). Effects of cockroach 
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extracts on human airway epithelial cells have been described, that include the induction of 

cytokines and chemokines (IL-8, IL-25, IL-33, CCL20 and GM-CSF) [42–44]. Some effects 

are mediated by proteases acting on protease-activated receptors (PAR-2) (see also Group 10 

section) [45,46]. Additional mechanisms of action have been reported in mouse models. 

First, German cockroach frass was shown to directly affect neutrophil cytokine production 

via TLR2, but not TLR4, suggesting an important link between innate and adaptive 

immunity [47]. Second, activation of the signaling associated with the aryl hydrocarbon 

receptor (which responds to environmental stimuli and is involved in the pathogenesis of 

asthma), protected lungs from cockroach-induced inflammation [48]. Third, neonatal mice 

immunized with α-1,3 glucan developed IgA-secreting B cells that suppressed the 

development of cockroach allergy [49]. Most of these studies were performed with 

cockroach extracts that are known to be very variable in content [50].

In the past 20 years, the identification of twelve groups of cockroach allergens has enabled 

studies on allergen-specific mechanisms of action. Among these, there is evidence of a role 

of carbohydrates on the interaction of Bla g 2 with the mannose receptor C-type lectin 

(CD206) in human circulating fibrocytes. These carbohydrates are predominantly small 

mannose-terminated glycans with and without fucose and stimulate up-regulation of 

inflammatory cytokines (TNF-α, IL-6) and activation of signaling molecules such as nuclear 

factor kappa B (NF-kB) [51]. Effects of group 7 allergens that lead to Th2 polarization 

include promotion of T cell immunoglobulin mucin domain 4 (TIM4) expression in 

dendritic cells, down-regulation of toll-like receptor 9 and IL-12 release, induction of T-

helper type 2 cytokine release and up-regulation of expression of protease-activated 

receptors on murine mast cells [52–54].

Cockroach allergens: a heterogeneous group of proteins

Twelve groups of cockroach allergens are currently listed in the official Allergen 

Nomenclature database maintained by the World Health Organization/International Union of 

Immunological Societies (WHO/IUIS) Sub-Committee (www.allergen.org). These groups 

comprise allergens with a wide variety of structures and functions summarized in Table 1. 

Allergens from groups 1, 2 and 10 are excreted into the feaces, which facilitates 

environmental exposure, while others are found predominantly in the bodies [24,39,55,56]. 

In fact, groups 10, 11 and 12 are digestive enzymes [57]. In contrast, Bla g 4 is expressed 

only in the adult male reproductive system and transferred to the female within the 

spermatophore [58]. Other allergens have functions associated with muscle contraction 

(groups 6, 7 and 8) or metabolism (groups 3, 5 and 9), and most of these allergens are 

expected to be released to the environment upon death of the cockroach. Since reviewed in 

2014 [5,59], molecular studies have unveiled new structural features of allergens in groups 1, 

2 and 5, and two new groups (11 and 12) have been added to the list. In addition to these 

officially recognized cockroach allergens, other potential allergens have also been identified 

that need further study [60–63]. This section will describe the twelve official groups of 

cockroach allergens with emphasis on new studies performed in the last 5 years.
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Group 1: Tandem repeated structures

The group 1 cockroach allergens have been a challenge to characterize. The genetic structure 

is composed of multiple sequence repeats that are likely the result of multiple gene 

duplication events, at different times in evolution [64–67]. This confounded early studies to 

clone the allergen. Adding to the difficulty was the observation that the protein would 

degrade in a ladder-like pattern when separated on protein gels, with most of rungs binding 

IgE antibodies [68]. This molecular heterogeneity created a problem in standardizing the 

allergenic unit, since the size of proteins binding IgE was variable. Many of these obstacles 

were overcome with the determination of the crystal structure [23]. The structure revealed 

that the repeated unit contained six helices that assemble with another repeated unit to form 

a spherical capsule (Figure 2). The allergen structure can be viewed as several of these 

capsules on a string, tethered by flexible regions susceptible to proteolysis, which results in 

the ladder-like effect on protein gels. By comparison of the spherical structural unit with 

natural Bla g 1 by immunoassay, a relative unit could be calibrated to 104 ng of allergen 

[23]. This equivalence in absolute mass units is useful for standardization of allergen 

measurements for the assessment of environmental exposure and allergen content in extracts 

for immunotherapy [50].

Bla g 1 and the Periplaneta americana homolog Per a 1 share 70–72% sequence identity and 

show antigenic cross-reactivity [65,70–72]. An anti-Bla g 1 antibody developed at the Food 

and Drug Administrations (FDA) is species specific, which could be useful in differentiating 

exposure to the two species [73]. This epitope was mapped by scanning alanine mutagenesis 

to a region of substantial residue differences between Bla g 1 and Per a 1.

The structure of Bla g 1 revealed a unique protein fold with a large hydrophobic interior 

cavity. Incomplete electron density suggested that phospholipids were present; this was 

subsequently confirmed by mass spectrometry and 31P Nuclear Magnetic Resonance (NMR) 

[23]. However, in Bla g 1 purified from cockroach frass only long chain fatty acids were 

found: oleate, sterate, and palmitate. This suggested that possibly Bla g 1 was involved in the 

dietary uptake of phospholipids and the excretion of less nutritive lipids. Indirect support for 

this hypothesis was obtained from: 1) the observation that cockroaches injected with RNAi 

to suppress Bla g 1 production effectively starve [74], and 2) the existence of a related 

protein in the mosquito Anopheles gambiae that stains to microvilli in the gut [75]. Bla g 1 

has been localized specifically to the midgut in Blattella germanica [55]. In the mosquito 

Aedes aegypti, related proteins (19–43% identity) are upregulated in response to a blood 

meal and not a sugar feeding, further supporting the contention that lipids (or foreign 

proteins) are important for the expression pattern [76]. Other recent data suggest that the 

same A. aegypti proteins are up- and down-regulated in response to flavivirus and parasite 

infections, connecting expression of these proteins to innate immune pathways like Toll, 

immune deficiency, and Jak/stat in the insect [77,78].

In terms of the relation to allergic disease, more than half of known allergens bind to various 

hydrophobic ligands [79]. The saturated lipids found with Bla g 1 in cockroach waste have 

been suggested to stimulate TLR pathways in humans [80]. Possibly, the delivery of these 

hydrophobic compounds with Bla g 1 or other allergens skews the immune response towards 

Th2. Deciphering the exact mechanisms of how this happens is an active area of research.
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Group 2: Inactive aspartic proteases

Allergens from group 2 are inactive aspartic proteases due to amino acid substitutions and 

distortions, compared to pepsin, in the area corresponding to the catalytic site [81,82]. Bla g 

2, Per a 2 and the homologous protein from Leucophaea maderae are zinc binding proteins 

and share a 4-residue zinc-binding site [81]. Bla g 2 is one of the most important cockroach 

allergens in terms of IgE antibody prevalence (42–70%) in temperate areas like the US [24]. 

In Taiwan, airway allergic patients sensitized to Per a 2 had more severe allergy and elevated 

proinflammatory chemokines [39]. Secretion of group 2 allergens into the gut has been 

demonstrated for Bla g 2 by immunoassays of dissected cockroach body parts and tissues, 

and for Per a 2 by immunohistochemical staining [24,83]. Eventually, allergens from group 

2 (and group 1) are excreted to the environment, a fact that, combined with their molecular 

stability, makes them excellent markers of cockroach allergen exposure. Per a 2, together 

with Per a 9 and Per a 10, were found to be the most abundant allergens in patient houses in 

Taiwan [56].

The X-ray crystal structures of Bla g 2 in complex with murine monoclonal antibodies that 

interfere with IgE antibody binding led to the identification of amino acids involved in 

allergen-antibody interactions and interesting mechanisms of antibody recognition, 

including the contribution of glycans from the allergen to antibody binding [84–86]. 

Recently, a site-directed mutagenesis analysis of B cell epitopes in Bla g 2 led to the design 

and expression of a triple mutant with reduced capacity to bind IgE that displayed 

immunomodulatory properties while retaining the native allergen fold ●●[87].

Group 3: Hemolymph homologs

Allergens from group 3 are hexameric proteins homologous to arylphorins or insect storage 

proteins (20–34%), insect juvenile hormone-suppressible proteins (31–36%) and arthropod 

hemocyanins (30–35%) [88,89]. Per a 3 comprises different variants or isoallergens, with a 

wide range of skin test reactivity (26–95%) [88,90]. A B. germanica homolog, Bla g 3, was 

originally reported in the Genbank (GU086323). Recently, a Bla g 3 protein was 

immunoprecipitated using a cockroach-specific avian single-chain variable antibody and was 

recognized as a minor allergen by an US population with a 22% IgE prevalence [91].

Group 4: Insect lipocalins involved in reproduction

Group 4 comprises small extra-cellular allergens that belong to the lipocalin family of 

proteins. A large group of homologous lipocalins are mammalian allergens (in cow, dog, cat, 

horse, mouse, rat and guinea pig), with a low degree of amino acid identity with the group 4 

cockroach allergens (10–20%). Nevertheless, all have a conserved fold that consists of a C-

terminal α-helix and an antiparallel β-barrel with an internal hydrophobic ligand binding 

cavity [92]. Lipocalins are secreted or excreted molecules with functions associated with 

their capacity to bind small hydrophobic ligands such as pheromones, retinoids, steroids and 

arachidonic acid. Bla g 4 is an 18 kDa protein, expressed exclusively in the adult male 

reproductive system, and involved in reproductive function [58,93]. A structural analysis of 

native Bla g 4 (combined with nuclear magnetic resonance and isothermal titration 

calorimetry) revealed that tyramine and octopamine are ligands that might control 

pheromone production [94].
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Group 5: Glutathione S-transferases

Bla g 5 is one of the most prevalent cockroach allergens in the US population [95]. 

Cockroach group 5 allergens are glutathione S-transferase enzymes (GSTs), similar to mite 

group 8, and Ascaris group 13. It was recently shown that there is no significant IgE cross-

reactivity among Bla g 5, Blo t 8, Der p 8 and Asc s 13 in North American cockroach 

allergic patients, in agreement with the low amino acid identity at the level of the molecular 

surface (Figure 2) ●●[69]. This implies that recombinant forms of these allergens will be 

very useful for accurate molecular diagnoses of the sensitizing species in areas where 

exposure to multiple species is common.

Bla g 5 belongs to the sigma class of GST while a P. americana homolog (not yet listed in 

the official WHO/IUIS database) is a delta class GST. The two proteins share 17% identity 

so it is unlikely there is any cross-reactivity. The genomes and/or transcriptomes of B. 
germanica and P. americana have recently been determined. A search of the predicted 

proteomes reveals that P. americana has a sigma class GST with 74% identity to Bla g 5, and 

reciprocally, B. germanica has a delta class GST with 81% identity to Per a 5 (NCBI 

Bioproject PRJDB1997 for Per a 5, and NCBI SRA ID SRX682022 and the genome from 

Baylor College of Medicine for Bla g 5). Future investigations are warranted to examine if 

these new proteins are allergens and if they could be a source of cross-reactivity.

Groups 6, 7 and 8: Allergen homologs to proteins involved in contraction

Allergens from groups 6 and 8 share homology to troponin C and myosin light chain, 

respectively. These molecules, by binding calcium to EF-hand motifs, undergo 

conformational changes that are involved in their function, and affect IgE antibody binding 

recognition [96]. The group 7 includes tropomyosins such as Bla g 7 and Per a 7, also 

involved in muscle contraction [97–99]. Tropomyosin is a pan-allergen present in muscle of 

many animal species. Originally identified as a major shrimp allergen, it is also present in a 

number of mollusks (i.e. squid), arthropods (arachnids and insects) and parasites, and leads 

to IgE cross-reactivity [100].

Group 9: Arginine kinases

Group 9 allergens are arginine kinases involved in the metabolism of ATP by catalyzing the 

reversible transfer of the high energy phosphoryl group from ATP to arginine [62,101,102]. 

These enzymes were first described as allergens in the Indian meal moth (Plodia 
interpunctella; Plo i 1) which produces an arginine kinase that cross-reacts with a cockroach 

homolog and in black tiger shrimp (Penaeus monodon; Pen m 2) [102,103]. Recently, 

arginine kinase (together with hemocyanin) has been reported to be a cross-reacting allergen 

between shrimp and arthropods [104]. New evidence supports that group 9 is relevant for 

cockroach allergy. Per a 9, despite its low stability, is one of the most abundant cockroach 

allergens in Taiwanese patient’s homes, indicating current status of cockroach control [56]. 

Intranasal, liposome-adjuvanted allergy vaccines made of Per a 9 resulted in better 

attenuation of allergic airway inflammation in a mouse model than the equivalent vaccine 

made with whole-body extract from P. americana [105]. Recently, Bla g 9 has been found to 

be an immunodominant allergen regarding T cell responses in asthmatic subjects ●[106].
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Group 10: Serine proteases

Per a 10 is a 28 kDa serine protease reported in India as a major allergen recognized by 82% 

(37/45) of cockroach sensitized patients [107]. Recent studies by the same group showed 

that active Per a 10 induces a dendritic cell type 2 polarization depending on the allergic 

status of the individual and the protease activity of this allergen [108,109] (Figure 2). This 

effect was mediated by an upregulation of CD86 and a reduction in CD40 expression on the 

surface of dendritic cells from cockroach allergic patients, while soluble CD40 levels were 

enhanced, presumably due to the cleavage of this receptor. This effect was associated with 

reduced IL-12 and IFN-γ secretion by inhibition of the nuclear factor-kappa B pathway, and 

with increased secretions of IL-4, IL-5, IL-6 and TNF-α [108]. Per a 10 was also able to 

activate a human derived epithelial cell line to secrete proinflammatory cytokines (IL-6, IL-8 

and GM-CSF) in a protease dependent manner via protease-activated receptor 2 (PAR-2) 

[110].

Group 11: α-Amylases

Originally identified in German cockroach fecal extracts by a proteomic approach, group 11 

comprises α-amylases. These are ubiquitous endoglycosidases that hydrolize α-linked 

polysaccharides to yield glucose and maltose [111]. Bla g 11 shares the highest identity with 

α-amylase from pig (55.8%) and mite group 4 allergens (Blo t 4, 50.4%; Der p 4, 49.8%; 

Eur m 4, 47.4%). However, the cross-reactivity between α-amylases from cockroach and 

allergenic α-amylases from other species needs to be further investigated. Recently, a 

homolog in P. americana, Per a 11, that shares 77% amino acid identity with Bla g 11, has 

also been identified in China [111]. Several indications suggest that group 11 cockroach 

allergens may play an important role in allergic disease. First, recombinant Bla g 11 

inhibited 55% of specific IgE to German cockroach whole-body extract among patients in 

Korea [63]. Second, the prevalence of IgE reactivity to group 11 allergens is high for certain 

populations: 1) Bla g 11 was recognized by 41.4% (12/29) of German cockroach sensitized 

subjects in Korea [63], and 2) a large proportion of Chinese cockroach allergic patients 

recognized natural Per a 11 purified from midgut of cockroaches using immunoblots (83%; 

39/47) and skin prick test (80%; 12/15) [111]. Finally, Bla g 11 was immunodominant 

regarding T cell responses in asthmatic subjects, together with Bla g 5 and Bla g 9 ●[106].

Group 12: Chitinases

Group 12 cockroach allergens are chitinases. Per a 12 shows 33% amino acid sequence 

identity to group 15 mite allergens. Although their presence in the gastrointestinal tract of 

cockroaches has been known for a long time, chitinases have only recently been recognized 

as cockroach allergens [111,112]. These enzymes hydrolyze the N-acetyl-D-glucosamine 

1,4-β-linkages of chitin polymers and are essential for digestion of chitin [63,111]. 

Chitinases, together with trypsins (group 10) and α-amylases (group 11), are part of the 

major digestive enzymes in cockroach [57].

Per a 12 was a major allergen in the Chinese population where it was first described, since 

sera from 63.8% of patients (30/47) reacted to Per a 12 on immunoblots and 60% (9/15) had 

a positive skin prick test. In addition, ELISA inhibition of serum IgE reactivity to the 

cockroach midgut extract (CME) by purified Per a 12 was significant (40%) [111].
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Recombinant cockroach allergens for diagnosis

In clinical practice, diagnosis of cockroach allergy is performed using crude extracts by in 
vivo skin testing and/or in vitro measurement of IgE to cockroach. Cockroach extracts 

available in the US for allergy diagnosis are non-standardized, highly variable in allergen 

content and show low potency as compared to standardized mite, cat or grass extracts 

[113,114]. Attempts to standardize cockroach extracts have been hampered by the fact that 

no single cockroach allergen is immunodominant, in a way that it could be measured as a 

marker for standardization purposes [22].

Recombinant cockroach allergens have been successfully used for in vivo and in vitro 
assessment of sensitization [59]. Cockroach allergic patients present variable allergen 

sensitization profiles, without a major allergen accounting for most of the IgE reactivity to 

cockroach within a given population. The importance of individual allergens in causing 

sensitization varies in different areas of the world, possibly due to the influence of 

sensitization to cross-reactive antigens.

In studies carried out in the US, sensitization to Bla g 2, Bla g 4 and Bla g 5 presented the 

highest prevalence among cockroach allergic patients with asthma, and a panel of 5 

recombinant allergens (Bla g 1, Bla g 2, Bla g 4, Bla g 5, and Per a 7) could identify 64% of 

cockroach allergic US patients [40]. Using recombinant Bla g 1, Bla g 2, Bla g 4, Bla g 5, 

Bla g 7, and the newly identified B. germanica enolase, arginine kinase, and vitellogenin, 

Chuang et al. showed that all cockroach allergic patients reacted to at least one allergen on 

an IgE dot-blot immunoassay, in a study carried out in Taiwan [62]. The prevalence of IgE 

recognition was highest for Bla g 2 (63%), followed by Bla g 4 (53%), vitellogenin (47%), 

Bla g 1 and arginine kinase (34%), Bla g 5 and Bla g 7 (31%), and enolase (25.0%).

In contrast, data from Brazil revealed striking differences from the results observed in US 

and Taiwan. Using a panel of 5 recombinant allergens (Per a 1, Per a 7, Bla g 2, Bla g 4 and 

Bla g 5), 24/57 (42%) cockroach allergic patients had positive skin tests to Per a 7, but the 

reactivity to the other allergens tested was remarkably low (≤ 7%) [59,115]. The high 

prevalence of IgE reactivity to tropomyosin in Brazil could reflect cross-reactivity to mite 

tropomyosin, which shares 80% sequence identity to the cockroach homolog. Cross-

reactivity with tropomyosin from intestinal parasites, particularly Ascaris lumbricoides, 

could account for the high frequency of sensitization to tropomyosins in Brazil and Africa 

[59,116].

As mentioned above, in Taiwan, IgE-binding to Per a 2 was more frequently found among 

patients with persistent asthma, as compared to patients with rhinitis only (81% versus 

45%). The results suggested that sensitization to Per a 2 could be a marker of more severe 

airway disease [39].

The availability of individual recombinant and natural cockroach allergens will facilitate the 

diagnosis of individual profiles of IgE reactivity and the identification of specific allergen/s 

affecting each cockroach allergic patient.
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Cockroach Immunotherapy

Cockroach immunotherapy has the potential of modifying the course of asthma and 

providing sustained clinical benefit. A limited number of clinical trials using cockroach 

allergen extracts showed improvement in both immunological and clinical parameters 

[59,117] (Table 2). Kang et al. in 1988 reported in a small number of patients (n = 11) that 

immunotherapy with cockroach extract resulted in improvement of immunological and 

clinical parameters after five years of treatment [118]. Another study described decrease in 

nasal symptoms and increase in cockroach specific IgG levels, accompanied by decrease in 

serum levels of IL-2, IL-4 and IL-4 receptor, after 3 years of immunotherapy with cockroach 

extract [119]. A double-blind, placebo controlled cockroach immunotherapy trial from India 

reported, at one year, a significant improvement in clinical scores and bronchial hyper-

reactivity, and increase in cockroach specific IgG4 [120]. These small studies suggested that 

cockroach immunotherapy could be effective.

Wood et al. summarized the results of four pilot clinical trials using sublingual 

immunotherapy (SLIT) and subcutaneous immunotherapy (SCIT) with German cockroach 

extract to treat cockroach allergic adults and children ●●[121] (Table 2). Both modalities of 

cockroach immunotherapy were safe, with no severe reactions seen that could bring 

concerns of continuation of research on cockroach immunotherapy. SCIT was 

immunologically more active than SLIT, particularly with regard to IgG4 levels and 

blocking antibody responses. The adult SLIT study (n = 54) showed a greater increase in 

cockroach-specific IgE levels between the active and placebo groups and a trend toward 

increased cockroach-specific IgG4 levels in actively treated subjects, but no evidence of 

functional blocking antibody response. The pediatric SLIT study (n = 99) revealed 

significant differences in IgE, IgG, and IgG4 responses between both active groups and the 

placebo group but no consistent differences between the high- and low-dose groups. The 

SCIT adult study (n = 10) found that the treatment resulted in significant changes from 

baseline in cockroach IgE, IgG4, and blocking antibody levels [117]. No further clinical 

trials conducted with cockroach extracts have been reported.

Lack of standardized extracts and complex patterns of IgE responses to cockroach allergens 

may represent barriers to obtaining full efficacy of cockroach immunotherapy. Prior to the 

ICAS immunotherapy trials, an initial analysis of the relative potencies of 3 commercially 

available German cockroach extracts revealed that these extracts were all of relatively low 

potency ●●[121]. The first two ICAC trials of SLIT were conducted with a maintenance 

dose of 0.42 ml daily (approximately 3,685 Bioequivalent allergy units, containing 4.2/50 

mcg of Bla g 2/1), and in a third arm of the last trial, this intermediate dose was tested 

against placebo and a 4-fold higher dose (0.84 ml b.i.d.) [122]. Dose finding studies 

conducted with standardized extracts for SLIT have led to the identification of optimal 

maintenance dose for some products, ranging from 12 µg to 128 µg of major allergens per 

day [123].

Khurana et al. have recently reported the development of a multiple allergen extract potency 

assay (MAEPA) for simultaneous measurement of identified and unidentified allergens in 

German cockroach extracts, and for assessing the overall potency of these extracts [114]. 
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The role of MAEPA as a regulatory assay for complex allergen extracts remains to be 

established, but the study points out that accurate comparisons of extracts are crucial for 

comparing the results of multiple studies [114].

The use of purified natural or recombinant allergens or of hypoallergenic allergen derivatives 

has the potential to consistently improve efficacy of cockroach immunotherapy, and may 

overcome the limitations of using crude cockroach natural extracts. However, this approach 

has not reached clinical practice yet.

CONCLUSIONS

Cockroach allergy is associated with high morbidity and increased severity of disease among 

asthmatic patients, particularly children, adolescent and young adults living in low-income 

inner-city environments. Continued indoor exposure to low levels of cockroach allergens 

may lead to sensitization and subsequent development of symptoms. Strategies effective at 

decreasing environmental exposure to cockroach allergens have provided conflicting results 

in clinical outcomes. Immunotherapy using cockroach crude non-standardized, low potency 

extracts has been attempted, with promising results but limited reports of outcomes. Both 

sublingual and subcutaneous cockroach immunotherapy were shown to be safe in adults and 

children. Progress in molecular cloning and expression of recombinant allergens has led to 

improved knowledge of the structure and function of cockroach allergens, which is 

fundamental for developing novel strategies for diagnosis and therapy of cockroach allergic 

patients. Currently, twelve Groups of well-characterized cockroach allergens from both B. 
germanica and P. americana are listed with the WHO/IUIS Allergen Nomenclature database. 

The use of recombinant allergens for diagnostic purposes has been investigated by skin 

testing or measurements of serum specific IgE. Results have demonstrated heterogeneous 

IgE reactivity profiles, without a dominant cockroach allergen. Further studies will be 

necessary to characterize the relative importance of different cockroach allergens in a larger 

number of patients, which will provide information on cockroach sensitization in relation to 

allergen exposure, geographic location and genetic background. These studies would help 

selecting the most appropriate cockroach allergens to be used for diagnosis and therapy in a 

given area. Ultimately, recombinant allergens could be used in clinical trials for 

immunotherapy for cockroach allergic patients, particularly those at a higher risk for more 

severe disease including children and young adults living in inner-city environments.
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Figure 1. Proposed mechanisms of cockroach allergy
Cockroach allergens, belonging to 12 different groups, are carried by particles that are 

inhaled to the human lung, where they activate innate and adaptive immune responses. 

Mechanisms involved in the process include: a) disruption of epithelial integrity by proteases 

(such as Per a 10) that facilitate allergen penetration, b) activation of release of pro-

inflammatory cytokines from the epithelium in a PAR-2 dependent manner by proteases, c) 

allergen interaction with different receptors (some of which contribute to the uptake of 

allergens by dendritic cells -TLR, CLR-), and subsequent activation of the adaptive 

immunity with production of IgE antibodies that bind to the high affinity IgE receptors on 

mast cells. Numbers indicate the allergen group number. TLR: Toll like receptors, CLR: C-

type lectin receptors including mannose receptors, AhR: Aryl hydrocarbon receptor, DC: 

dendritic cell; T CD4+ and Th2: T cells; B: B cell; MC: mast cell.
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Figure 2. Structural analyses of Bla g 1 and Bla g 5
Bla g 1 (4JRB, panels A and B) and Bla g 5 (4QR5, panels C and D) are presented as ribbon 

diagrams (panels A and C) and surface representations (panels B and D). Bla g 1 in panel A 

is colored blue and light blue to differentiate the two hemispheres of 6 helices (all from one 

polypeptide chain) that encapsulate a large hydrophobic cavity, shown with a mesh 

rendering. Bla g 5 in panel C is colored blue and light blue to show the two polypeptide 

chains that come together to form a typical GST dimer. In panel B, Bla g 1 is colored based 

on similarity to Per a 1, and in panel D, Bla g 5 is colored with respect to similarity to Der p 

8. The color bar represents residue similarity from low (light blue) to high (maroon) [95]. 

Gray represents gaps or insertions in the sequence alignment. Visual analysis of the coloring 

shows the structural basis of cross-reactivity for Bla g 1 and Per a 1 and the lack of 

significant cross-reactivity between Bla g 5 and Der p 8, which has been experimentally 

confirmed.
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Table 2

Clinical trials of immunotherapy with cockroach extracts for cockroach allergic patients.

Authors
(reference)

Study design Study characteristics Clinical outcomes Immunological
outcomes

Kang et al 
1988 USA 
(118)

“Active treatment”: IT 
with CR extract plus 
other allergens to 
which patients were 
sensitized; “control”: 
IT with all relevant 
allergens except CR

28 patients with asthma; SCIT with 
mixed CR extracts (German, American 
and Oriental) for 5 years. 11/15 and 2/13 
“active treatment” and “control” 
completed the study, respectively

Reduction in symptom 
and medication scores

Increase in CR- specific 
blocking antibody and 
blunting of in vitro 
basophil histamine 
release

Alonso et al 
1999 
Argentina 
(119)

Open label SCIT with American CR extract for 3 
years

Decrease in nasal 
symptoms

Increase in CR- specific 
IgG, decrease in serum 
IL- 2, IL-4 and IL-4R.

Srivasta et al 
2011 India 
(120)

Double-blind, placebo 
controlled trial

42 adult patients with asthma and/or 
rhinitis (28 active treatment, 18 placebo), 
SCIT with American CR extract for one 
year. 12 active treatment and no placebo 
after 2 years

Improvement in clinical 
scores and in bronchial 
hyper-reactivity after 
one year. Reduction in 
symptoms and 
medication use after 2 
years

Increase in CR- specific 
IgG4 after one and two 
years

Wood et al 
2014 USA, 
ICAC phase 
I/II studies 
(121)

SCSS Open label, single site. 
Designed to study 
safety of the therapy

27 patients, with perennial rhinitis with or 
without asthma (adults, 8- 17 and 5–7 
years-old children). SLIT with German 
CR extract, dose escalation on day 1, 
maintenance for 14 days. CR allergen 
dose per day - Bla g 2: 4.2 µg, Bla g 1: 50 
µg

Mild to moderate 
events: oral or throat 
pruritus, skin rash, 
nausea. One subject 
discontinued due to oral 
symptoms and 
vomiting. One patient 
had throat irritation and 
cough, graded as severe. 
No SAE.

Not applicable

BioCSI Double-blind, placebo 
controlled, multicenter. 
Designed to determine 
whether the dose for 
CR SLIT was 
immunologically active

54 adult patients (18–54 years- old), with 
perennial allergic rhinitis, asthma, or 
both. SLIT with German CR extract, dose 
escalation on day 1 (day 2 if needed), 
maintenance for 6 months. CR allergen 
dose per day - Bla g 2: 4.2 µg, Bla g 1: 50 
µg

Not applicable Increase in CR- specific 
IgE levels. No 
significant increase in 
CR-specific IgG4

BioCSI2 Double-blind, placebo 
controlled, low and 
higher dose, 
multicenter

89 children (4–17 years-old) SLIT with 
German CR extract, dose escalation for 
low dose on day 1 (day 2 if needed); for 
high dose, over 2 to 4 weeks; 
maintenance for 3 months. CR allergen 
doses per day - Low dose: Bla g 2: 4.2 
µg, Bla g 1: 50 µg; High dose: Bla g 2: 
16.8 µg, Bla g 1: 202 µg

Not applicable Increase in CR- specific 
IgE in low and high 
dose. No increase in 
CR- specific IgG4 in 
low dose. Increase in 
CR- specific IgG and 
IgG4 in high dose. 
Increase in FAB activity 
in the low- dose group.

SCITCO Open label, single site. 
Designed to determine 
safety and as a proof of 
concept of the 
immunologic effect of 
German CR extract

10 adult patients with perennial allergic 
rhinitis, asthma, or both. SCIT with 
German CR extracts, escalation over 11 
weeks to maintenance with 0.6 mL of a 
1:20 concentration of extract for 15 
weeks.

Mild reactions common, 
not affecting dosing. No 
SAE

Increase in CR- specific 
IgE (similar to SLIT); 
reduction in FAB 
activity and increase in 
IgG4 (more vigorous 
and consistent than with 
SLIT)
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IT: Immunotherapy; CR: cockroach; SCIT: Subcutaneous immunotherapy; SLIT: Sublingual immunotherapy; SAE: serious adverse event; ICAC: 
Inner City Asthma Consortium
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