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1. General introduction 
 

1.1. Thesis overview 
 

Allergic diseases are multifactorial and genetically complex entities. There is a 

growing interest in their diagnosis and treatment, since in recent years their prevalence 

has increased. Manifestation of symptoms in allergic diseases occur after allergen 

exposure. In our region, allergic individuals are sensitized mainly to mite allergens, but 

there is also exposure to helminths such as Ascaris lumbricoides. It has been suggested 

that infection with certain species of helminths protects from allergic diseases since 

epidemiological and experimental studies have shown that during chronic infection the 

symptoms decrease. However, other studies indicate a positive association between 

infection with Ascaris and the frequency and severity of allergic diseases such as 

asthma.  

Up to now, there have been described three allergens in Ascaris. However, since 

Ascaris induces strong IgE antibody responses in infected individuals (1-3), other 

antigens could be potential allergens. Since the study of the complete allergenic 

composition of Ascaris remains open, it is necessary to characterize its antigens from a 

broad perspective, which includes the evaluation of their physicochemical attributes 

and allergenic characteristics. Allergen characterization may help for a more precise 

diagnosis of IgE sensitization. The study of individual components would be useful to 

understand the possible influence of ascariasis on the onset, pathogenesis and 

increasing incidence of allergic diseases.  

Helminths as sources of allergens have peculiar characteristics due to that 

sensitization to allergens in susceptible people occurs in the context of the infection. A 

component-resolved diagnosis approach may help to analyze allergenic properties of 

purified molecules, which could allow the characterization of sensitization profiles in 

Ascaris-exposed populations.  Additionally, given that helminths have the dual ability 

to stimulate the immune system inducing allergic reactions and also, they have 

immunosuppressive/immunomodulatory proteins able to dampen inflammatory and 
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allergic responses (reviewed in (4)), the comparison of immunological attributes (for 

example, antibody responses induced by allergens and by non-allergenic helminth 

derived molecules), may be useful to find out targets of specific IgE antibody responses 

in infected individuals. In this context, there are few studies about the IgG and IgG4 

antibody responses to purified Ascaris molecules. Moreover, the study of antibody 

profiles induced by the infection in exposed individuals would open more theoretical 

questions about immune mechanisms underlying host immune responses and 

allergenicity.  

This thesis is in concordance with previous studies analyzing the allergenicity of 

Ascaris molecules (5, 6), which will help to expand the knowledge about purified Ascaris 

components. It is divided in five chapters: Chapter 1, is a general introduction. The 

results of this work are divided in three studies (Study I, II and III), they are found in 

Chapter 2, Chapter 3 and Chapter 4. In Chapter 5 there are a general discussion, 

conclusions and list of publications.   

The Study I is a case-control study that evaluates risk factor for asthma. It is 

focused on analyzing IgE responses to Ascaris and its allergens (ABA-1, Asc l 3 and GST). 

This study will be presented in Chapter 2. The Study II (Chapter 3) will describe the 

physicochemical and immunological characterization of an IgE binding antigen (Asc l 

5) from Ascaris lumbricoides. Asc l 5, was registered by us at the World Health 

Organization and International Union of Immunological Societies (WHO/IUIS) Allergen 

Nomenclature Sub-committee in 2019 as a new allergen from A. lumbricoides. 

Moreover, in order to get more insights about humoral responses to Asc l 5, the 

antibody profile (including specific IgE, IgG4 and IgG) induced by it, was compared with 

that induced by another A. lumbricoides component (Al-CPI). Al-CPI is an 

immunomodulatory molecule, which has promissory properties diminishing intestine 

and lung inflammation as determined in experimental murine models. The comparison 

of the aforementioned antibody profile for both Asc l 5 and Al-CPI will be described in 

the Study III (Chapter 4).   
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1. 2. Theoretical framework   
 

1.2.1. Life cycle of Ascaris lumbricoides 
 

Ascaris lumbricoides is a roundworm that infects humans. In its life cycle A. 

lumbricoides goes through several stages. Its life cycle begins with the ingestion of 

embryonated eggs. These embryonated eggs come from feces of infected people that 

have deposited them in the soil. Following ingestion, eggs hatch in the small intestine, 

the larvae emerge and penetrate the intestinal wall to enter the circulatory system 

where they are transported to the lungs. The larvae break the capillary endothelium 

and penetrate the alveoli, passes into the bronchi and the trachea to exit from larynx 

and be swallowed. Upon re-entry to the small intestine, they develop to mature adult 

worms. The mature adults have sexual reproduction and a single female is able to 

release approximately 200.000 eggs per day. However, if egg laying precedes mating, 

infertile eggs are produced. Fertile eggs take about three weeks to embryonate and 

produce the infective larvae. Then, the cycle starts again when humans eat food or 

drinking water contaminated with the eggs (7). 

 

1.2.2. Symptoms of ascariasis 
 

Ascariasis is the infection produced by Ascaris spp. In general ascariasis is 

symptomless but there are some complications and long-term consequences for 

infected people. Since Ascaris lumbricoides has a pulmonary phase, some initial 

symptoms/signs of infection may be associated with respiratory problems, such as, 

difficulty breathing, pneumonitis and cough. This is known as the Löffler syndrome, 

which is characterized by inflammation in the lungs and the accumulation of 

eosinophils. This syndrome shares some characteristics with type I hypersensitivity 

reactions. The intestinal phase of the infection is associated with pain and nausea. More 

severe or even lethal episodes can be seemed when the parasite penetrates the bile or 

pancreatic ducts. Lot parasites can blockage the intestine, being other complication of 

ascariasis. In chronic infection, malabsorption and malnutrition are expected. 
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Chemotherapy with anthelmintics is the pharmacological treatment. However, in 

endemic areas the eggs persist in contaminate soil, allowing reinfection (7).     

 

1.2.3. Allergic diseases  
 

Allergic diseases and asthma are a public health problem and their prevalence 

in the world has increased during the last decades. The reasons for this phenomenon 

are still unknown. In Colombia there are few studies in which the prevalence of allergic 

diseases has been evaluated. The first study was carried out in Cartagena in 1992 

showing 8.8% of asthma prevalence, which is high (8). Other investigation in 6 

Colombian cities in 2004 (9), estimated a general prevalence of asthma of 10.4%. These 

reports show that asthma is a health problem in Colombia and therefore requires 

attention. However, the aforementioned studies did not follow the “International Study 

of Asthma and Allergies in Childhood” (ISAAC)-based methodology, which allows 

worldwide comparisons. It was used later by Garcia E et al (10), in a cross-sectional 

study undertaken in children and adolescents from Bogotá, which aim was to evaluate 

the prevalence of asthma symptoms and its association with diet and lifestyle. The 

study found that children aged from 6 to 7 years reported more asthma symptoms than 

adolescents aged between 13 and 14 years. More recently in 2009 and 2010, Dennis, R. 

et al, performed a countrywide study for prevalence of asthma in Colombia, concluding 

that it was 12.1% (11). 

The symptoms of allergies are triggered after exposure to allergens and their 

expression requires a series of sequential events that include, exposure to the allergen 

source, IgE production, binding of IgE to receptors on mast cells and basophils, cross-

linking of IgE with the allergen and release of pro-inflammatory mediators that have 

effects on target organs. The measurement of the specific IgE concentration against an 

allergen provides critical information in the detection of allergy, however, by itself, it 

does not represent a conclusive diagnostic criterion. The evaluation of clinical 

symptoms, total IgE levels, skin prick tests, the results of physical examination and 

pulmonary function analysis allow to establish a set of data that helps in the 

construction of the medical history and final diagnosis of allergic diseases such as 
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asthma. Thus, standardized and reproducible assays are required for IgE quantification. 

It is necessary to determine which are the allergens that lead to the manifestation of 

allergic symptoms. For this reason, the use of purified allergens to replace extracts has 

been proposed; this concept is based on Component-Based Diagnosis (12). 

Currently, most of the methods that determine sensitization against allergens 

are carried out with total extracts, however these only allow to determine if a patient is 

sensitized to a certain allergen source but not to a specific allergen. Purified natural or 

recombinant allergens may help to determine an exact sensitization profile. In this way, 

those allergens that trigger allergic responses could be selected as candidate-target 

antigens for immunotherapy (13). 

Blomia tropicalis and Dermatophagoides pteronyssinus are the most prevalent 

house dust mites (HDM) in tropical regions (14). House dust mite allergy is strongly 

associated with asthma (15-17) and its severity (18). In our region, a large percentage 

of allergic patients are sensitized to mite allergens (19, 20), mainly Blomia tropicalis 

and D. pteronyssinus, but there is also exposure to other important allergenic sources 

such as Ascaris lumbricoides (21). 

Infection with certain species of helminths has been suggested to protect against 

allergic diseases and experimental studies indicate that they induce a modulation of the 

inflammatory responses and autoimmune diseases (22). However, several 

epidemiological analyzes find a positive association between Ascaris infection and the 

prevalence and severity of allergic diseases (23, 24).  

Ascaris allergens registered at the WHO/IUIS Allergen Nomenclature Sub-

committee before the realization of this thesis were ABA-1 (Asc s 1), tropomyosin (Asc 

l 3) and glutathione transferase (GST: Asc l 13/Asc s 13). In a later chapter, it will be 

described the identification of a new Ascaris lumbricoides allergen.   

 

1.2.4. Relationship between sensitization to Ascaris and 
allergic manifestations 
 

The clinical effect of helminth infections on asthma and other allergic diseases is 

matter of research. Many studies have been focused on this topic, but the results are 
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controversial and questions remain open. It is presently accepted that infection with 

Ascaris can predispose or protect against allergic diseases, but the reasons underlying 

these two outcomes are unknown. When the immune response associated with allergic 

diseases is compared with that induced by infection with helminths, some similarities 

are found. Both responses are characterized by secretion of Th2 profile cytokines such 

as IL-4, IL-5, and IL-13, high levels of IgE, and eosinophilia (25). Epidemiological and 

experimental studies suggest that chronic infections with certain helminths may 

decrease allergic symptoms (26, 27). This seems to be contradictory, since helminths 

are sources of strong allergens. For example, A. lumbricoides tropomyosin is an allergen 

that binds to specific IgE and induces effector cell activation and is also cross-reactive 

with mite tropomyosins (5, 28). In addition, the IgE response to Ascaris has been 

associated with symptoms of asthma (29, 30), as well as, with its severity (23, 24). 

However, there is no real contradiction because it is known that heavy intensity 

infections are associated with a reduction of allergic symptoms, while low parasite 

burden infections are related to increased allergy symptoms (21, 31).   

 

1.2.5. Ascaris and its allergen 
 

Intestinal helminths are enteric pathogens that mainly affect low-income 

populations living in poor hygiene conditions. These parasites have a high prevalence 

worldwide. The helminths that most frequently infect humans are Ascaris lumbricoides, 

Trichuris trichiura, hookworms, and Strongyloides stercoralis (32). Other important 

helminth infections include schistosomiasis and filariasis.  

A. lumbricoides is one of the most common parasites and is estimated to affect 

807 million to 1.2 billion people worldwide (33), generating an important morbidity in 

the infected population. However, ascariasis is still considered a neglected tropical 

disease, being quite common in rural areas of developing countries where hygienic 

conditions and proper sanitation practices are scarce, although in urban regions it can 

also occur mainly due to the presence of food contaminated with Ascaris eggs. 

Ascariasis is common in tropical and subtropical regions of Asia, Africa, and the 

Americas.  
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Helminth allergens are potent inducers of Immunoglobulin E (IgE) production 

and stimulate strong IgE responses in humans (34, 35). Immunity against helminths is 

characterized by the production of a Th2 response. In the following paragraphs, it will 

be described the Ascaris allergens; ABA-1, tropomyosin and GST (Asc l 13/Asc s 13).  

ABA-1, is a polyprotein that is only found in nematodes, in addition it does not 

show cross-reactivity with any component of the mite extracts, suggesting that this 

molecule may be a more specific marker of Ascaris infection and sensitization (28). By 

determining ABA-1-specific IgE, it is possible to identify individuals that have possibly 

been infected with Ascaris. However, ABA-1 is not a specific infection marker for this 

parasite, since in other nematodes there are homologues of it, as for example the 

surface glycoprotein gp15/400 from Brugia malayi (36) and TBA-1 from Toxocara canis 

(37). ABA-1 is located in the pseudocoelomic fluid of adults and the secretions of all 

stages of the parasite (38). The gene encoding ABA-1 is expressed as a polyprotein that 

is cut into multiple copies of the ABA-1 protein. The sequence of this gene encodes six 

polypeptide units of identical amino acid sequence designated as type A1 (ABA-1 A1), 

three units designated as A2 (ABA-1 A2), A3 (ABA-1 A3) and A4 (ABA- 1 A4), which are 

different but quite similar to A1 and the repeating unit of B1 (ABA-1 B1) that diverges 

from the previous ones (39). These genes are polymorphic and similarly organized in 

A. lumbricoides and A. suum (40) and the protein expressed by both species has virtually 

indistinguishable biochemical activities and a highly conserved amino acid sequence 

(40, 41). 

Invertebrate tropomyosin is a pan-allergen that has a conserved structure 

between different species. There is a high amino acid sequence identity between the 

tropomyosin of A. lumbricoides and that of other invertebrates such as A. simplex, 

Onchocerca volvulus, HDM, shrimp, and cockroaches (5). Ascaris tropomyosin is known 

to be cross-reactive with Blomia tropicalis tropomyosin (Blo t 10) (28) and IgE 

antibodies against Ascaris tropomyosin account for a high proportion of the IgE 

response to the whole extract (5). Tropomyosin is a protein that is associated with the 

thin filaments of muscle and microfilaments that are present in all eukaryotic cells, 

where it plays an important role in the movement. It is found by forming dimers so that 
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the two tropomyosin polypeptides wrap around each other to form a superhelical 

structure (34). 

There is cross-reactivity between Blomia tropicalis, D. pteronyssinus, and Ascaris 

extracts. In addition, there are at least two Ascaris allergens that may be involved in this 

cross-reactivity, including tropomyosin and glutathione transferase (GST) (5, 6). 

Whereas ABA-1 from Ascaris has no cross-reactivity with any component of the mite 

extracts (28).   

GSTs are enzymes that participate in detoxification process, and they have a 

broad distribution in living organisms. GSTs from invertebrates such as cockroaches 

and house dust mites are allergenic as well as Ascaris GST (GSTA). Bla g 5 and Der p 8 

are allergenic GSTs from Blattella germanica and from the Dermatophagoides 

pteronyssinus respectively. Some GSTs from helminths have been studied; for example, 

GST from Schistosoma spp. (42, 43) and Wuchereria bancrofti (44).  

Compared with other Ascaris allergens (i.e., ABA-1 and tropomyosin), 

recombinant GST has showed a lower frequency of sensitization in both asthmatics and 

control individuals, as we showed in a previous case-control study focused in the 

evaluation of IgE responses against Ascaris (1).  

IgE sensitization to rGSTA has been evaluated in two studies, ranging from 15.4 to 

19.9% in asthmatics and from 13.2 to 14% in control individuals (1, 6). rGSTA is the 

GST1 from Ascaris suum (IgE levels to this molecule highly correlate with those to Asc l 

13). Natural GSTs (nGSTs) from A. lumbricoides were purified from the parasite extract; 

at least 6 isoforms that bind human IgE were detected in the extract. There were four 

most abundantly expressed isoforms of nGSTs in A. lumbricoides (6). Cross reactivity 

between GSTs from Ascaris and other invertebrates is expected, having into account the 

conserved architecture between structures of Bla g 5 and group 8 allergens from HDM 

(Der p 8 and Blo t 8). However, ELISA inhibition experiments may confirm the 

suspected cross reactivity between allergenic GSTs from Ascaris and other 

invertebrates.  
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1.2.6. Allergen characterization and nomenclature 
  

Allergen characterization is a laborious and time-consuming process, since it 

requires a detailed description of biochemical features including molecular weight, 

structure determination, ligand-binding properties, functional assays and 

determination of post-translational modifications (PTMs) as for example glycosylation.  

Additionally, it is not enough to show that a molecule is able to bind IgE, instead that, a 

full demonstration of allergenic activity is needed, what means having data about the 

induction of type I hypersensitivity reactions (both in vitro and in vivo) including, 

among others, basophil activation test, histamine release from basophils, or 

alternatively β-hexosaminidase release from RBL (Rat Basophilic Leukemia) cells. 

Animal models of passive cutaneous anaphylaxis are also of a great importance in this 

regard (45). 

To accurately identify allergens, it has been developed a standardized way to 

designate them. Systematic allergen nomenclature is approved by the WHO/IUIS 

Allergen Nomenclature Sub-committee. The committee was founded in 1986 to 

establish a system for nomenclature of allergens and is composed of leading experts in 

allergen characterization, structure, function, molecular biology, and bioinformatics 

(official WHO/IUIS website at http://www.allergen.org/). The Committee's aim is to 

assign unique names to allergens based on biochemical and immunological available 

data. 

 Information about physicochemical properties and allergenic activity has to be 

submitted to the committee in order to get an allergen name. An allergen is named by 

the first three letters of the genus and the first letter of the specie following by an Arabic 

number. For example, Asc s 1 refers to the first Ascaris suum allergen that was 

identified. Also, homology between two allergens is an information that may be used 

for assigning the Arabic number for the name of a new allergen (For example, Ani s 5 

from Anisakis simplex and Asc l 5 from Ascaris lumbricoides: both allergens are 

homologues and the share 53% of sequence identity). Allergens from the same species 

that share similar biochemical properties, biological function, and have ≥67% identity 

of amino acid sequence are assigned to the same group as isoallergens (46). 
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1.2.7. Immunomodulatory molecules and Ascaris 
lumbricoides cysteine protease inhibitor (Al-CPI) 
 

Helminths display several mechanisms that make them resistant to host immune 

responses. They have adapted to the host, and those mechanisms allow them endure as 

parasites. Helminths release a variety of molecules such as enzymes and their inhibitors 

that help them to invade tissues by penetrating host barriers, as well as, to evade the 

immune system (47). Cysteine protease inhibitors (CPIs) or cystatins are widely 

distributed in helminths (see below Table 1) but also in other species including humans 

(48, 49). One the mechanism that has been proposed is related to the ability of 

helminths cystatins to interfere with protease-dependent antigen processing and 

presentation by MHC class II molecules (50). CPIs are able to inhibit helminth and host 

proteases. Other mechanisms different than that mediated by cysteine protease 

inhibitors, include cytokines homologues, antibody-degrading proteases, lipid 

molecules and the release of other protease inhibitors such as serpins and aspins (that 

inhibit serine- and aspartic- proteinases) produced by helminths (47, 51, 52). Ascaris 

lumbricoides produces a protein with cysteine protease inhibitor activity (Al-CPI) (53-

55). 

Some homologous to Al-CPI are found in other helminths like Anisakis simplex, 

Toxocara canis, Acanthocheilonema vitae, Nipostrongylus brasiliensis and 

Heligmosomoides polygyrus. Recombinant cystatins with proved activity as cysteine 

protease inhibitors have been described in several helminths (See Table 1) (55-61). 

However, Ani s 4 a cysteine protease inhibitor from A. simplex is an allergen. The 

evaluation of some properties of this molecule indicates that it is a heat-resistant 

allergen, able to inhibit the papain family of cysteine proteases (61). 
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Table 1. Some CPIs from helminths produced as recombinants.  

 

# Species     Name of the recombinant 

protein 

Reference 

1 Ascaris lumbricoides Al-CPI (55) 

 

2 Onchocerca volvulus 

(Filarial nematode) 

Onchocystatin (rOv17) (56) 

3 Acanthocheilonema viteae 

(Filarial nematode) 

Av-cystatin (rAv17) (57) 

4 Brugia malayi  

(Filarial nematode) 

 

Bm-CPI-2 

(58) 

 

5 Nippostrongylus brasiliensis  

(The rat hookworm, nematode) 

Nippocystatin (rNbCys) (59) 

 

6 Haemonchus contortus (Gastrointestinal 

nematode parasite from small ruminants such 

as sheep and goats) 

Cys-1 (60) 

 

7 Anisakis simplex  

Fish nematode parasite 

Ani s 4 (61) 

 

Cystatins inhibit the cysteine proteinases cathepsin B, L and S that are involved 

in the proteolytic processing of polypeptides and suppression of specific immune 

responses (62) For example, filarial cystatins are immunomodulators that induce 

cellular hyporeactivity of T cells, modulates the production of cytokines, and 

downregulates essential costimulatory molecules on macrophages and interfere with 

antigen presentation through their cysteine protease activity (56-58). However, 

differences between cystatins of nematode parasites and free-living non-parasitic 

nematodes such as C. elegans suggests that the cystatins of parasitic ones are able of 

induce modulation of host responses (62). 

Al-CPI´s anti-inflammatory properties have been evaluated by our group 

previously, showing that A. lumbricoides CPI has therapeutic potential for airway and 

intestine inflammation (55, 63) (See Table 2). However, up to know the frequency of 
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IgE responses to Al-CPI have not been studied in a human population highly exposed to 

the parasite. This point will be addressed later in Chapter 4. 

 
Table 2. Key points about results from murine models using recombinant Al-CPI 
 

Model  Therapeutic 

purpose 

Results  Proxy for 

human 

disease 

Reference 

Mouse model of 

dextran sodium 

sulfate (DSS)-

induced colitis 

Prophylactic 

treatment of 

intestine 

inflammation 

 

*rAl-CPI diminished 

inflammation as 

determined by 

reduction in disease 

activity index, 

myeloperoxidase 

activity and 

inflammation score. 

 

*rAl-CPI induced IL-10 

and TGFβ gene 

overexpression, as well 

as, the production of IL-

10 and TGFβ by 

macrophages. 

 

*No toxic effects of the 

recombinant were 

observed.  

Inflammatory 

bowel disease 

(55) 

Mouse model of 

airway 

inflammation 

induced by the 

house dust mite 

Blomia tropicalis 

and in vitro culture 

Prophylactic 

treatment of 

lung 

inflammation 

*IL-10-associated anti-

inflammatory activity, 

induction of regulatory 

T cells in mice, and 

production of IL-10 by 

human monocyte-

derived dendritic cells. 

Asthma (63) 
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of human 

monocyte-derived 

dendritic cells 

 

 

1.2.8.  IgG responses and regulation during helminth 
infections  
 

It well known that during helminth infections the regulatory cytokine IL-10 is 

produced (64). IL-10 is produced by regulatory T and B cells. IL-10 is capable of 

promoting IgG production. In filariasis, like happens in allergic diseases, IL-4 and IL-13 

stimulate the production of IgE. IL-10 and TGF-β are able to stimulate the production 

of IgG4 (65). The strong correlation between IgG4 levels and lack of response suggests 

a link between T-cell anergy and the immunoregulatory environment seen in helminth 

infections (66). It remains to be analyzed whether IgG4 is a marker for the regulatory 

response induced during the infection. In scenarios different than those involving 

helminth infections, as for example immunotherapy, IL-10 induces the isotype switch 

towards IgG4 and decreases IgE production (67, 68). On the other hand, the production 

of cross-reactive IgG with allergen antigens raises the possibility of a protective 

mechanism through the production of blocking antibodies induced by helminth 

antigens (69, 70). Although, this possibility has been raised for antigenic carbohydrate 

determinants, the study of other antigens/allergens is still an open research field. The 

aforementioned aspects make the study of IgG and IgG4 responses useful to understand 

the resistance mechanisms of the host, and at the same time to decipher if it also 

participates in the attenuation of the allergic responses. IgE is well-known to be 

associated with allergic responses, while, IgG4 is suspected to act as a blocking antibody 

in competition with IgE. Up to now, it is not clear how these responses are modulated 

during helminth infections. Since, IgG and IgG4 responses are little studied in the 

context of helminth infections and even less for ascariasis (71), it would be necessary 

to stablish more studies regarding to this topic, which hopefully could help to 
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understand the relationship between possible control mechanisms in allergic 

responses that been documented during helminth infections. For that, purified 

molecules from helminth should be studied in order analyze IgE, IgG4 and IgG 

responses induced by purified components to characterize antibody profiles and 

identify targets of humoral responses in infected populations. In that setting, we could 

have the chance to analyze antibody responses to new Ascaris lumbricoides molecules 

(i.e., Asc l 5 and Al-CPI) in infected subjects (21). 

 

1.2.9. Diagnosis of ascariasis and other helminthiases 
 

The definitive diagnosis of helminthiases requires the identification of causative 

agent in a biological sample. Sometimes it is needed laborious sample handling and 

experienced lab workers. Serological diagnosis is important in situations in which 

parasite or eggs identification is difficult. The most common analysis is stool 

examination, which seeks to find the eggs (fertile or infertile) or the adults expelled in 

the feces. It is difficult to diagnose infection before eggs appear in the stool, when there 

are only male parasites, or in extraintestinal infections. The tomography computed 

radiology (CT) and ultrasound examination can show adult worms in the bile ducts and 

intestine. Nucleic acid amplification techniques that are based on the polymerase chain 

reaction (PCR) are currently little used in the field of clinical diagnosis of helminthiasis, 

but there are studies that show that this technique is quite promising, due to its high 

sensitivity, as described in a study in which real-time PCR was used for the diagnosis of 

infections caused by Ancylostoma, Necator americanus, Ascaris lumbricoides and 

Strongyloides stercoralis, showing that it is more sensitive than microscopic analysis 

(72). 

The Kato–Katz technique is widely used in epidemiological studies due to its 

simplicity and low cost, and it is also recommended by the World Health Organization 

(WHO) for surveillance and monitoring of soil-transmitted helminthiasis (STH) (73). 

Although its specificity is high and it is a useful technique in areas of high endemicity, 

its sensitivity is limited when only one stool sample is used due to daily variations in 

egg excretion, leading to an underestimation of the presence of the parasite. This is 
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particularly accentuated in areas where there are large numbers of helminth infected 

individuals but with a light intensity (74). In addition, when the degradation of the eggs 

is rapid, as occurs with hookworms, the sensitivity of this method decreases 

considerably (75). Although there is no a 'gold standard' test with 100% sensitivity and 

specificity, Kato-Katz is the most widely used technique. Additionally, collecting two 

samples from the same individual in different days increases the sensitivity of this 

technique.   

In the development of immunoassays used for the diagnosis of parasitic 

diseases, there is the challenge of increasing their specificity, for this it is necessary to 

find molecular components that allow solving the problem of cross-reactivity. The use 

of secreted helminth products has been reported to increase the specificity of 

serodiagnostic assays due to their low content of cross-reactive molecules such as 

phosphorylcholine and tropomyosin (76). In communities where many people are 

infected, immune activation is constantly maintained and, in some cases, the infection 

is not evident on stool examinations (77, 78). When that happens, the measurement of 

immunological parameters instead of the egg count provides more sensitive results, as 

shown by Obihara, C.C. et al, who found that 15% of samples from randomly selected 

children from South Africa had Ascaris eggs in their feces, but 48% had elevated Ascaris-

specific IgE (78). Although serodiagnostic tests have the challenge of overcoming 

drawbacks such as discrimination between active and past infestations, their use in 

areas of low prevalence of parasitosis is justified because they have satisfactory 

sensitivity and specificity. These methods allow large numbers of samples to be 

analyzed faster than stool analysis at reasonable cost (79).  

 

1.2.10. Epidemiology of ascariasis  
 

In Colombia there is no a countrywide study for prevalence of STH infections. 

However, there are some point prevalence studies that have been undertaken since 

1995 covering the last 25 years. These studies have evaluated ascariasis in small 

communities, and most of them have been focused on the evaluation of parasitic 

infections in children, ranging from 0.9% to 62.5% (2, 3, 21, 80-83). Since, the study 
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populations from this thesis are two (individuals from Santa Catalina and children from 

FRAAT cohort), it is important to mention the ascariasis prevalence in both of them. In 

this regard the highest prevalence of ascariasis has been detected in Santa Catalina 

(153km2, 12.500 inhabitants, no sewage), which is a small fishing town located at the 

north of the department of Bolivar (21).  In 2018 was publish a study undertaken by 

Zakzuk J. et al, showing that the prevalence of ascariasis in Santa Catalina was 62.5% 

(sample collection from 2014 to 2015) (21). Previously in 2008, the prevalence of 

ascariasis was evaluated in Loma Arena (a locality from Santa Catalina), being 56% 

(83). This point out that ascariasis has been maintained with a high prevalence in that 

town. Prevalence of ascariasis in Cartagena has been evaluated in children and adults 

(2, 3, 84, 85). Children are part of the FRAAT (Risk Factors for Asthma and Allergy in 

the Tropics) cohort that started in 2007. FRAAT cohort is a community-based birth 

cohort for a prospective follow up and collection of epidemiological data and biological 

samples. Intestinal parasites were found as early as 3 months; by the second year, 

37.9% of children had parasites and 5.22% detectable eggs of Ascaris lumbricoides in 

stool samples. The reported cumulative prevalence for A. lumbricoides infection was 

10.5% which was calculated from children with three or more positive stool 

examinations (3, 84, 85).  
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Hypothesis and thesis aims 
 

Hypothesis 
 

Ascaris lumbricoides has additional uncharacterized antigens that are allergens.  

 

 

Thesis aims 
 

The overall aim of this thesis was to study Ascaris lumbricoides allergens using a 

molecular approach. In special, we evaluated the allergenic activity and the 

physicochemical properties of a new allergen (Asc l 5) from Ascaris. Moreover, we 

investigated patterns of specific antibody responses (IgE, IgG4 and IgG) to Asc l 5 in 

Ascaris lumbricoides exposed individuals and compare them to those induced by an A. 

lumbricoides immunomodulatory molecule from Ascaris lumbricoides (Al-CPI).  

 

Specific aims: 

 

Study I (Chapter 2):  To investigate the relationship between the IgE responses      

                                                      to Ascaris and its purified allergens in a case-control study  

of risk factors for asthma in Colombia. 

    

Study II (Chapter 3): To characterize the allergenic activity and physicochemical 

properties of a new Ascaris lumbricoides allergen (Asc l 5).  

   

Study III (Chapter 4): To analyze specific IgE, IgG4 and IgG antibody responses to 

the allergen Asc l 5 and compare them with those induced 

by the immunomodulatory protein (Al-CPI) and explore 

some additional physicochemical parameters as well.   
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Chapter 2: Study I. IgE responses to Ascaris and mite 
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Summary
Background The relationship between helminthiases and allergy is a matter of considerable
interest and research. In the tropics, house dust mite exposure, a known risk factor for
asthma, is frequently concurrent with helminth infections. It remains to be defined whether
infection with the common roundworm Ascaris or its bystander immunological effects
influence the prevalence and pathogenesis of asthma independently of mite sensitization.
Objective To investigate the relationship between the IgE responses to Ascaris and its
purified allergens and the risk of asthma in a tropical country.
Methods A nested case–control study was performed in 356 subjects who reported current
and past asthma symptoms (asthmatics) and 435 controls that had never experienced such
symptoms. They were tested for serum levels of total IgE and specific IgE to Ascaris
extract, Asc s 1 (ABA-1), Asc l 3 (tropomyosin) and GST (glutathione transferase). In addi-
tion, specific IgE to Dermatophagoides pteronyssinus, Blomia tropicalis and their tropo-
myosins Der p 10 and Blo t 10 was measured. Sensitization was defined as a positive
specific IgE result to any extract or recombinant allergen.
Results Sensitization to Ascaris and D. pteronyssinus was independently associated with
asthma after adjustment for age, gender, socio-economic stratum, city and other IgE levels
(adjusted ORs: 2.17; 95% CI 1.37–3.42 and 2.46; 95% CI 1.54–3.92), respectively. There
was also a significant association with sensitization to the highly allergenic and cross-
reactive tropomyosins Asc l 3, Blo t 10 and Der p10 (aORs: 1.76; 95% CI 1.21–2.57, 1.64;
95% CI 1.14–2.35 and 1.51; 95% CI 1.02–2.24), respectively.
Conclusion and Clinical Relevance IgE responses to Ascaris are associated with asthma
symptoms in a population living in the tropics. Sensitization to the cross-reactive Ascaris
and mite tropomyosins partially underlies this finding. These results have potential
relevance in asthma diagnosis and management.

Keywords allergen, ascariasis, Ascaris, asthma, IgE, mite, recombinant allergens,
tropomyosin
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Introduction

Allergic diseases are important health problems around
the world. In Colombia, a tropical developing country,

their prevalence, as in other countries, has risen in
recent decades [1, 2]. Patients with asthma in the tro-
pics are sensitized (i.e. have positive IgE antibodies) to
house dust mite (HDM), such as Blomia tropicalis and
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Dermatophagoides pteronyssinus [3, 4]. Also, ascariasis
(caused by the helminth Ascaris lumbricoides) is pres-
ent [5–7] being the most common helminth intestinal
infection [8, 9], inducing a strong IgE response from
an early age [10]. These features presumably result
from the genetic background of the population com-
bined with climatic and socio-economic conditions of
tropical countries (where around 40% of people are
currently living) that lead to permanent exposure to
parasites and HDM [11]. Therefore, a comprehensive
analysis of these characteristics is required ultimately
to explain the inception, pathogenesis and rising inci-
dence of allergy.

Anti-Ascaris IgE has been associated with asthmatic
symptoms [12, 13] and also with the frequency and
severity of asthma [14, 15], but it remains to be for-
mally established whether this reactivity is indepen-
dent of mite exposure and whether there is a true
cause and effect relationship. Besides, it has been
suggested that during helminth infection, allergic
symptoms (mainly detected by skin testing) decrease
[16–18], indicating that there is some degree of para-
site-induced immunomodulation, although there are
reports of a boosting effect of ascariasis on the IgE
response to bystander antigens [19–21]. Nevertheless,
the available data suggest that ascariasis and its con-
current IgE response influence asthma pathogenesis
[10, 22], and further investigation to define the spe-
cific targets of these antibodies will hopefully clarify
the mechanisms involved.

Because of the cross-reactivity between Ascaris and
mite extracts [23], a molecular diagnosis approach is
needed to accurately define the sensitization profile.
Asc s 1 (also known as ABA-1) is a fatty acid bind-
ing protein [24, 25] of a protein type only found in
nematodes and shows no cross-reactivity with
allergens of mites extracts [23]. Tropomyosins from
Ascaris (Asc l 3), B. tropicalis (Blo t 10) and D. pter-
onyssinus (Der p 10) are, however, cross-reacting
allergens of clinical relevance [4, 26]. Asc l 13 (gluta-
thione S-transferase) is a protein component of Asca-
ris lumbricoides, specific serum IgE to this molecule
positively correlating with the IgE levels to mite and
cockroach [27]. We hypothesize that cross-reacting
allergens of Ascaris and mites are involved in the
reported association between IgE sensitization to
Ascaris and asthma. In this study, we aimed first to
evaluate, in a large and well-characterized population,
whether IgE sensitization to Ascaris is associated with
asthma; secondly, to determine whether the IgE
response to purified allergens of Ascaris and HDM is
associated with asthma; and thirdly, to evaluate
whether past or current ascariasis (as detected by sen-
sitization to a nematode-specific marker) influences
the IgE responses to mite allergens.

Methods

Subjects

The general design and methods, including setting and
eligibility criteria, for participants are described in
detail elsewhere [1]. Briefly, we performed a cross-sec-
tional population-based survey with an ancillary nested
case–control study in six Colombian cities. The ques-
tionnaires were based on the International Study of
Asthma and Allergies in Childhood initiative (ISAAC)
[28] and validated for ages 7–59 years on a previous
study [2]. A ‘case’ was defined as any subjects who
answered yes to having current or past asthma symp-
toms. Asthma symptoms in the last year: Have you (or
your child) had wheezing or whistling in the chest in
the past 12 months? Past (lifetime) asthma symptoms:
Have you (or your child) ever had wheezing, or whis-
tling in the chest at any time in the past? ‘Control’
was defined as any subject who (i) reported not having
had symptoms of asthma, allergic rhinitis or atopic
eczema in the last year and (ii) reported no previous
medical diagnosis of asthma, allergic rhinitis or atopic
eczema. The Colombian population is divided into six
socio-economic strata considering urban characteristics
such as population density, quality of public areas and
housing characteristics. Stratum one corresponds to the
lowest and stratum six to the highest. From a total of
5978 participants in the ‘Prevalence of asthma and
other allergic conditions in Colombia’ study, 855 (cases
and controls) were frequency-matched by age group,
gender and city [1]. Additional consent to donate a
blood sample was requested from all members of this
group. Serum samples were stored at !70°C until use.
In this study, only subjects aged 7 to 59 years old were
included, considering that in children below 7 years,
asthma may be transient and the relation with an
established phenotype of asthma is less clear (Fig. 1).
Therefore, serology analyses were performed on 791
blood samples distributed as follows: Barranquilla
(n = 95), Bogot!a (n = 325), Bucaramanga (n = 80), Cali
(n = 111), Medellin (n = 121) and San Andr!es Island
(n = 59). Ethical approval was obtained from the
Clinical Research Ethics Committee at Fundaci!on
Cardio-Infantil-Instituto de Cardiolog!ıa in Bogot!a,
Colombia (IORG0006438). Signed informed consent
was obtained from all subjects or their parents.

Total and specific IgE

Total IgE and specific IgE antibody levels to
D. pteronyssinus, B. tropicalis and Ascaris spp.
extracts were measured using ImmunoCAP system
(Thermo Fisher Scientific), following the technical
instructions of the manufacturer. Total IgE was
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analysed using 100 kU/L as cut-off. Specific IgE lev-
els equal to or greater than 0.35 kUA/L were consid-
ered positive. Specific serum IgE levels to the
recombinant allergens rAsc l 3, rBlo t 10, rDer p 10,
rAsc s 1 and rGSTA were detected in duplicate using
indirect enzyme-linked immunosorbent assay (ELISA)
as described previously [10, 27, 29]. rGSTA is the
GST1 from Ascaris suum; IgE levels to this molecule
highly correlate with those to Asc l 13. Each well
was coated with 0.75 lg of rGSTA diluted in PBS
(pH 7.4) and 1 lg of all other recombinants diluted
in sodium carbonate/bicarbonate buffer (pH 9.6). Mi-
crotiter plates (IMMULON 4HBX, Thermo Fisher Scien-
tific) were incubated overnight at 4°C in humid
chamber, washed five times (PBS pH 7.4, 0.1% Tween
20) and blocked with 1% bovine serum albumin. The
plates were washed again, and serum samples (diluted
1 : 5) were added and incubated overnight at room
temperature in a humid chamber, then washed and
incubated for 2 h with anti-human IgE–alkaline phos-
phatase conjugate (Sigma) diluted 1 : 500 and devel-
oped with p-nitrophenylphosphate substrate (1 mg/
mL; Sigma) diluted in 10% diethanolamine, 0.5 mM

MgCl2. The reaction was stopped with 100 ll of 3N
NaOH, and absorbance was measured at 405 nm in a
spectrophotometer (Spectra Max 250; Molecular
Devices, Sunnyvale, CA, USA). Positive and negative
control sera were used in each experiment and PBS

as a control for non-specific binding of anti-human
IgE–alkaline phosphatase conjugate. Cut-off values to
define positive or negative IgE responses to the
recombinant allergens were calculated as the mean
optical density (OD) of 11 negative, non-mite/Ascaris-
sensitized controls + 3 SD. The cut-off values were
rAsc l 3: 0.116, rBlo t 10: 0.120, rDer p 10: 0.121,
rAsc s 1: 0.124 and rGSTA: 0.150. Sensitization was
defined as a positive specific IgE result to any extract
or recombinant allergen.

Expression and purification of recombinant allergens

rAsc s 1 (ABA-1; GenBank Accession Number
L03211) was cloned into pGEX-1kT vector and
expressed as a glutathione transferase fusion protein
in Escherichia coli BL21 (Invitrogen Corporation,
Carlsbad, CA, USA). Expression was induced with iso-
propyl b-d-thiogalactopyranoside (IPTG) 0.1 mM, 4 h
at 37°C. Lysates were incubated with glutathione–
Sepharose beads, the eluates were digested with
thrombin, and rAsc s 1 was purified as a non-tagged
protein [23]. rAsc l 3 (accession number FJ655903.1)
and rGSTA, accession number X75502.1, were cloned
into pQE-30 vector and expressed in E. coli M15
cells, purified with Ni-NTA agarose as a 6xHis-tagged
protein, dialysed extensively and lyophilized as previ-
ously described [4, 27]. rBlo t 10 (accession number
ABU97466.1) and rDer p 10 (accession number
AAB69424.1) were cloned into pET-45b(+) vector.
Competent E. coli BL21 (DE3) cells were transformed
and selected on Luria broth agar plates containing
ampicillin, 100 lg/mL. Expression was induced as
mentioned, and pellets from induced cultures were re-
suspended in native buffer (50 mM NaH2PO4, 300 mM

NaCl), incubated with lysozyme (1 mg/mL, 30 min on
ice) and sonicated. Lysates were incubated with Ni-
NTA resin (Invitrogen) for 1 h and eluted with native
buffer plus 250 mM imidazole as 6xHis-tagged pro-
teins and dialysed extensively.

Statistical analysis

Analyses were carried out using SPSS version 17.0 (SPSS,
Chicago, IL, USA) and GRAPHPAD PRISM version 5.01 for
Windows (GraphPad Software, San Diego, CA, USA).
IgE values were not normally distributed, and transfor-
mations for normalizing were unsuccessful; they were
therefore reported as median values and interquartile
ranges. Differences between proportions of subjects sen-
sitized were analysed by Pearson chi-square test. Mann–
Whitney U-test was used for comparison of continuous
variables, and correlations were analysed with Spear-
man test. Univariate and multivariate binary logistic
regression models were used to analyse the relationships

Cross-sectional study
“Prevalence of asthma and other 
allergic conditions in Colombia” 

n = 5.978 (1–59 years old)

Excluded on basis of
age, gender and city matching
possibilities n = 4671; refusal
to blood sampling n = 430;
unsuccessful venipuncture 
attempts n = 22

Nested Case-Control 
Study 

n = 399 cases
+ 456 age, gender, and 
city frequency-matched 

controls

Controls
n = 435

Cases
n = 356

Excluded on basis of
age < 7 years

n = 64

Population-
based survey

2009-2010

Blood 
sampling for 
serological 

tests

Study 
population

Fig. 1. Flowchart for the individuals included in this study. A total of
5978 subjects were identified, and 855 were case–control frequency
matched. Subjects below 7 years of age were excluded because an
established phenotype of asthma is less clear in that group. The final
sample size was 791 subjects (356 cases and 435 controls).

© 2015 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 45 : 1189–1200

IgE responses to tropomyosins and asthma 1191

32



of exposures and outcomes. Predictor/exposures were:
sensitization to Ascaris or HDM extracts and sensitiza-
tion to recombinant allergens. The outcomes were
asthma and sensitization to HDM allergens. A priori
adjusting variables were age, gender, socio-economic
stratum and city. In addition, as cross-reactivity
between Ascaris and mites may act as a potential con-
founder of the associations with asthma, other covari-
ates (e.g. IgE sensitization to any of the extracts or
recombinants) were included in the models, as needed.
Crude (OR), adjusted odd ratios (aORs), 95% confidence
intervals (95% CI) and P values were calculated. Popu-
lation attributable fractions (PAFs) were calculated
using the formula P x (OR-1)/OR, where P is the preva-
lence of sensitization among asthmatics. In addition to
logistic regression models, the analyses were performed
using mixed-effects logistic regression with two-level
data structure (we specified random effects at the level
identified by group variable city, and the covariates
mentioned above were treated as fixed effects). There
were not important differences between the two proce-
dures (data not shown). Power was calculated assuming
an independent case–control design. Setting type I error
level = 0.05, the number of asthma cases n = 356 and a
prevalence of Ascaris sensitization of 29%, the study
power is 84.8% for detecting an effect on asthma symp-
toms of OR = 2.17. For all analyses, P values < 0.05
(two tailed) were considered significant.

Results

Characteristics of the study population

To assess potential bias and representativeness of
cases and controls from the population from which
they were derived, the distribution of possible risk
factors for which data were available was analysed as
shown in Table 1. The final study population is repre-
sentative of the original case–control subpopulation.
Frequency matching by age, gender and city was not
significantly altered by excluding children under
7 years old. Mean age and standard deviation (SD)
was 29.0 " 15.8 for cases and 31.5 " 15.6 for con-
trols (P = 0.02). The gender ratio was similar for
cases and controls (females 66.0% and 61.1%,
P = 0.16). All cases of past asthma also reported cur-
rent asthma. Serology tests were performed for 791
subjects, 356 cases and 435 controls. Median of total
serum IgE levels was higher in cases than controls
(123 vs. 47.2 kU/L, P < 0.001); also, specific IgE to
Ascaris, B. tropicalis and D. pteronyssinus and the
recombinant allergens rAsc l 3, rBlo t 10, rDer p 10
and rAsc s 1 was significantly greater in cases than
controls, but there were no differences regarding
rGSTA. In addition, for rAsc s 1 and rGSTA, the fre-
quency of sensitization was almost the same in
patients and controls (Fig. 2, Table 2).

Table 1. Descriptive statistics of study population*

Variables

Subjects with asthma symptoms Subjects without asthma symptoms

Entire sample,

n = 635

Subsample,

n = 356

P value

Entire sample,

n = 4705

Subsample,

n = 435

P valuen % n % n % n %

Sex

Male 240 37.8 121 34.0 0.232 1822 38.7 169 38.9 0.959

Female 395 62.2 235 66.0 2883 61.3 266 61.1

City

Barranquilla 92 14.5 48 13.5 0.293 540 11.5 47 10.8 0.047

Bogot!a 244 38.4 148 41.6 1896 40.3 177 40.7

Cali 110 17.3 44 12.3 781 16.6 67 15.4

Bucaramanga 66 10.4 34 9.5 333 7.1 46 10.6

San Andr!es 36 5.7 22 6.2 330 7.0 37 8.5

Medell!ın 87 13.7 60 16.9 825 17.5 61 14.0

Socio-economic stratum

I-II 306 48.1 173 48.6 0.919 2344 49.8 219 50.3 0.559

III-IV 314 49.5 176 49.4 2221 47.2 207 47.6

V-VI 15 2.4 7 2.0 140 3.0 9 2.1

Age

7–18 266 41.9 124 34.8 0.078 1241 26.4 118 27.1 0.860

19–38 185 29.1 122 34.3 1727 36.7 154 35.4

39–59 184 29.0 110 30.9 1737 36.9 163 37.5

*Subjects under 7 yrs were not included; then, only 5340 of 5978 were analysed.
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Sensitization to Ascaris or D. pteronyssinus is
associated with asthma

Univariate analysis showed that sensitization to Ascaris,
B. tropicalis or D. pteronyssinus was associated with
asthma; in multivariate analysis (Table 2), sensitization
to Ascaris and D. pteronyssinus remained associated
(aORs: 2.17, 95% CI: 1.37–3.42, P = 0.001 and 2.46,
95% CI: 1.54–3.92, P < 0.001, respectively), suggesting
that both Ascaris and D. pteronyssinus sensitization are
independent risk factors for asthma in this population.
In the case of B. tropicalis, when sensitization to Asca-
ris and D. pteronyssinus was included as covariates, the
association disappeared (aOR: 1.33, 95% CI: 0.80–2.21,
P = 0.28). The population attributable fractions for
asthma associated with sensitization to Ascaris and B.
tropicalis were 15.4% and 10.6%, respectively, while
that for D. pteronyssinus was 28.7%.

Sensitization to Ascaris or mite tropomyosins is
associated with asthma

We found that the IgE response to any of the highly
allergenic and cross-reactive tropomyosins rAsc l 3,
rBlo t 10 or rDer p 10 is associated with asthma
(Table 2). Moreover, when the analysis included as a
variable a positive result to at least one of them, the
significance of the association increased (aOR 1.81,
95% CI: 1.26–2.59, P = 0.001). Population attributable
fractions for asthma associated with sensitization to
tropomyosins were higher than those for Asc s 1 or
GSTA. In addition, specific IgE levels to mite tropomyo-
sins were significantly higher than those to Asc l 3
(Wilcoxon matched-pairs signed-rank tests P < 0.001).
We also analysed the IgE levels to tropomyosins for
each quartile using logistic regression models. We
found a significant, positive dose–response association
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Fig. 2. Strength and frequency of the IgE reactivity to Ascaris, mites or recombinant protein allergen components. (a) Log scale IgE levels to
Ascaris, B. tropicalis and D. pteronyssinus. (b) IgE levels to rAsc l 3, rBlo t 10, rDer p 10, rAsc s 1 (ABA-1) and rGSTA. Each dot indicates an
individual serum from a case or control (356/435). Error bars indicate 95% CI of the median IgE levels. P values were calculated using the Mann–
Whitney U-test. (c) Bar graphs summarizing frequencies of sensitization to Ascaris, B. tropicalis, D. pteronyssinus, (D) rAsc l 3, rBlo t 10, rDer p
10, rAsc s 1 and rGSTA. P values were calculated using the chi-square test.

© 2015 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 45 : 1189–1200

IgE responses to tropomyosins and asthma 1193

34



with asthma (Table S1) among those at higher quartiles.
Inclusion of tropomyosins sensitization as three inde-
pendent variables in the model for the association
between Ascaris sensitization and asthma (data not
shown) resulted in a small change of OR from 3.32
(95% CI: 2.27–4.85, P < 0.001) without tropomyosins to
3.16 (95% CI: 2.15–4.64, P < 0.001) with tropomyosins,
showing no evidence of effect mediation by tropomyo-
sin. However, this analysis might be limited by collin-
earity between IgE variables.

The effect of sensitization on asthma: analysis by age
and gender

To examine whether there were age-dependent differ-
ences in associations with asthma, we divided the
population into three age groups, namely 7–18, 19–
38 and 39–59 years with a similar number of subjects
in each group (Table S2). In all groups examined,
sensitization to Ascaris or D. pteronyssinus was a
strong risk factor for asthma. As in the general popu-
lation, the effect of B. tropicalis sensitization on
asthma disappeared when adjusted by Ascaris and D.
pteronyssinus sensitization in all age groups (data not
shown). In the groups 19–38 years and 39–59 years,
sensitization to any of the three tropomyosins was
associated with asthma (aORs: 1.67, 95% CI:
0.99–2.84, P = 0.05 and 1.82, 95% CI: 1.05–3.17,
P = 0.03, respectively). Total IgE levels above 100
kU/L were associated with asthma in individuals aged
7–18 years and 19–38 years (Table S2). We also
examined whether the effects of sensitization on
asthma differed by gender, and we found that in

females sensitization to Der p 10 and Blo t 10 was
not associated with asthma (Table S3).

IgE levels and frequencies of sensitization to mite
allergens are greater in subjects sensitized to Asc s 1

IgE levels to HDM allergens and Ascaris tropomyosin
were significantly higher in subjects sensitized to Asc s
1 (Table 3). In addition, the frequencies of sensitization
to any allergenic source or purified allergen were
significantly higher in Asc s 1-sensitized individuals
(Table S4). In fact, these individuals were at least twice
the odds of being sensitized to HDM. Also, significant
correlations between IgE antibodies to rAsc s 1 and
tropomyosins were found (Fig. 3a).

Specific IgE to tropomyosins from Ascaris and mites
strongly correlate

Ascaris IgE antibody levels correlated with those to
B. tropicalis (Spearman rho: 0.70 P < 0.001) and D.
pteronyssinus (Spearman rho: 0.59 P < 0.001). We also
analysed the relationship between the IgE responses to
Ascaris and mite tropomyosins in the whole population
(N = 791) and found that Ascaris tropomyosin IgE
levels correlated with those to Blo t 10 (Spearman rho:
0.69, P < 0.001) and Der p 10 (Spearman rho: 0.70,
P < 0.001). Furthermore, there was a correlation
between IgE levels to Blo t 10 and Der p 10 (Spearman
rho: 0.87 P < 0.001) (Fig. 3b). The frequencies of
sensitization to each tropomyosin between individuals
sensitized to their corresponding source (Ascaris, B.
tropicalis or D. pteronyssinus) were Asc l 3, 47.7%

Table 2. Association of sensitization with Ascaris, mites or recombinant molecular components and asthma

Sensitization to

Cases

(n = 356)

Controls

(n = 435)

Crude OR

(95% C.I.) P value

Adjusted OR*

(95% C.I.) P value PAF (%)

Ascaris spp. 102 (28.6%) 47 (10.8%) 3.32 (2.27–4.85) < 0.001 2.17 (1.37–3.42)1 0.001 15.4

Blomia tropicalis 153 (42.9%) 81 (18.6%) 3.29 (2.39–4.54) < 0.001 1.33 (0.80–2.21)2 0.279 10.6

Dermatophagoides

pteronyssinus

172 (48.3%) 88 (20.2%) 3.69 (2.69–5.04) < 0.001 2.46 (1.54–3.92)3 < 0.001 28.7

rAsc l 3 129 (36.2%) 117 (26.9%) 1.55 (1.14–2.09) 0.005 1.76 (1.21–2.57)4 0.003 15.6

rBlo t 10 135 (37.9%) 124 (28.5%) 1.53 (1.14–2.07) 0.005 1.64 (1.14–2.35)4 0.008 14.8

rDer p 10 114 (32.0%) 109 (25.1%) 1.41 (1.03–1.92) 0.031 1.51 (1.02–2.24)4 0.040 10.8

rBlot 10, rDer p 10 or rAsc l 3 145 (40.7%) 131 (30.1%) 1.60 (1.19–2.14) 0.002 1.81 (1.26–2.59)4 0.001 18.2

rAsc s 1 100 (28.1%) 108 (24.8%) 1.18 (0.86–1.63) 0.300 0.98 (0.66–1.45)5 0.917 !0.6

rGSTA 55 (15.4%) 61 (14.0%) 1.12 (0.76–1.66) 0.573 0.73 (0.44–1.21)6 0.224 !5.7

OR, odds ratio; PAF, population attributable fractions.

*All 9 models were adjusted by age, gender, socio-economic stratum, city plus one of the following groups of variables:
1Sensitization to B. tropicalis or D. pteronyssinus.
2Sensitization to Ascaris or D. pteronyssinus.
3Sensitization to Ascaris or B. tropicalis.
4Sensitization to rAsc s 1 or rGSTA.
5Sensitization to rAsc l 3 or rGSTA.
6Sensitization to rAsc s 1 or rAsc l 3.
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Table 3. Serum IgE levels to mites and tropomyosins stratified by IgE reactivity to rAsc s 1

IgE levels to

Negative anti-rAsc s 1 IgE (N = 583) Positive anti-rAsc s 1 IgE (N = 208)

P*Medians (interquartile range 25th–75th percentile)

B. tropicalis 0.02 (0.00–0.27) 0.18 (0.01–4.90) < 0.001

D. pteronyssinus 0.03 (0.01–0.89) 0.11 (0.02–9.99) < 0.001

rAsc l 3 0.096 (0.088–0.109) 0.135 (0.109–0.206) < 0.001

rBlo t 10 0.102 (0.094–0.115) 0.145 (0.110–0.236) < 0.001

rDer p 10 0.099 (0.090–0.111) 0.146 (0.104–0.231) < 0.001

IgE levels to extracts are in kU/L and recombinant allergens in optical density (OD).

*Mann–Whitney U-test.
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Fig. 3. IgE responses (Log scale) to the recombinant tropomyosins from Ascaris and mites. (a) Correlation between specific IgE levels to rAsc s 1,
rAsc l 3, rBlo t 10 and rDer p 10. (b) Correlation between specific IgE levels to rAsc l 3, rBlo t 10 and rDer p 10. (N = 791); each dot represents
an individual serum value. (c) A Venn diagram illustrating the overlapping sensitization to Ascaris or mite tropomyosins. The circles show per-
centages of individuals positive to rBlo t 10, rDer p 10 or rAsc l 3. Areas within the diagram but outside the circles represent the proportions of
non-sensitized individuals.
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(95% CI: 36.9–58.5); Blo t 10, 41.0% (33.0–49.0); and
Der p 10, 34.6% (27.7–41.6). In addition, 5.1% (40/791)
of sera were positive exclusively to Asc l 3, 3.5% (28/
791) to Blo t 10 and 0.4% (3/791) to Der p 10 (Fig. 3c).

Discussion

Helminthiases are recognized modifiers of allergic
responses, but a full appreciation of their impacts on
human allergic diseases remains to be achieved. Here,
we found that the IgE response induced by ascariasis is
an independent risk factor for asthma in the general
population. Among other possible explanations for this
relationship, three merit consideration (Fig. 4) because
they have some immunoepidemiological support [11, 22,
30]: firstly, co-exposure to both HDM and A. lumbrico-
ides induces an enhanced Th2-biased immune response
causing symptoms in susceptible individuals; secondly,
cross-reactivity among components of both sources
intensifies the Th2 (mainly IgE) response to particular
disease-associated allergens such as tropomyosins;
thirdly, the helminth A. lumbricoides has components
that during infection are able to boost the IgE responses
against environmental allergens from mites.

Our data suggest that the IgE responses to particular
allergens (i.e. tropomyosins) underlie the association
between ascariasis and asthma. Whether this reactivity
is directed against cross-reacting, species-specific or
disease-specific epitopes of tropomyosins is currently
under study in our laboratory. We also observed that
having an IgE response to Asc s 1, a marker for cur-
rent or past ascariasis, is associated with more reactiv-
ity to mite allergens, supporting the idea that
ascariasis may be a non-specific booster of the Th2

responses, a process that has been described in experi-
mental animal infection [19–21] and in humans
infected at moderate intensities [31]. Further studies
are needed to define more accurately this boosting
effect on the IgE responses to mite species-specific
allergens and to evaluate whether there is a common
genetic predisposition for reacting to Asc s 1 and mite
allergens. But in general, our finding suggests that at
least for mite sensitization and under particular condi-
tions of co-exposure, ascariasis increases the IgE
responses with clinical relevance at the population
level.

The relationship between IgE responses to Ascaris
and asthma or asthma-related phenotypes has been
explored, but two limitations should be considered.
First, previous studies have employed the whole
extracts only [13, 14, 32, 33]. In contrast, our work
supports some of these findings using organism-specific
protein targets in a large and well-characterized popu-
lation from a countrywide survey for asthma prevalence
[1]. The predictor/exposure was specific IgE responses,
an indirect way for establishing past or present contact
with Ascaris or HDM. For detecting nematode and
trematode infections, several studies indicate that sero-
diagnosis can be more sensitive than stool examination
[34–36]. In addition, as Ascaris shares cross-reactive
molecules with other invertebrates [4, 27], we used the
specific nematode marker Asc s 1 to identify, among
subjects reacting to the whole extract, those more likely
to have been in contact with the parasite. However, as
happens with other antigens and allergens, antibody
responses to ABA-1 is probably MHC restricted [37–39];
it is therefore possible that some infected subjects could
be missed, thereby lowering the sensitivity of the test.
Second, some of these studies did not adjust for HDM
sensitization, which is an important risk factor for
asthma in the tropics and may confound the results.
Now we demonstrate that sensitization to Ascaris is an
independent risk factor for asthma in all age groups
and more importantly that the IgE reactivity to HDM
and Ascaris tropomyosins probably partially underlies
this association, a finding that was already suggested
when we evaluated a smaller population sample [4]. It
can be speculated that inhaled exposure to cross-react-
ing tropomyosins in sensitized patients may trigger
and maintain asthmatic symptoms, although other
cellular/cytokine-mediated mechanisms may also be
involved [31]. The possibility that the IgE responses to
species-specific Ascaris components have an additional
influence on asthma pathogenesis in tropical countries
is theoretically possible as several IgE-binding compo-
nents of Ascaris are not cross-reactive with HDM
allergens [11, 23].

This investigation adds evidence showing that ascari-
asis does not always dampen allergic symptoms, a

Ascariasis 

Th2/IgE Responses 
to Ascaris allergenic 

components

Protective immunity

Mite exposure 

Th2/IgE
responses to mite

allergens

Allergy symptoms

Crossreacting response

Fig. 4. A hypothetical model showing interactions between the IgE
responses to Ascaris (during and after ascariasis, left) and the IgE
responses to mite allergens (right). Dashed arrows indicate a stimulant
effect. Co-exposure to both sources generates conditions resulting in
the increase of allergy symptoms, explaining some of the findings in
this study. The model applies to tropical conditions where house dust
mite exposure is permanent and ascariasis is commonly present. In
this study, only the IgE responses were evaluated.
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situation that has been described for allergen skin tests
in infected populations living in endemic rural areas
[16–18]. Also, the results suggest that although helm-
inths produce down-regulatory molecules, in some
circumstances, such as low-intensity infections, their
effects may be surpassed by the parasite immunostimu-
lant components. Therefore, our results and additional
data from developing tropical countries such as Ecua-
dor, Brazil and Venezuela [12, 32, 33] might be
expected in countries with similar hygiene conditions
and urbanization. So far, the intensity of the infection
has explained the different outcomes of the relationship
between ascariasis and allergy [22, 40, 41], although
other factors requiring clarification may play a role.

The PAF value for asthma associated with sensitiza-
tion to Ascaris (15.4%) was lower than that calculated
in a previous study (45.9%) in Ecuador [12]. This may
reflect differences in the study population and environ-
mental factors, particularly those related to rural vs.
urban settings. In this regard, our data show that
although Ascaris sensitization is an independent risk
factor for asthma, mite sensitization (especially to D.
pteronyssinus) also plays an important role in asthma
pathogenesis.

Among the recombinant allergens utilized here, only
sensitization to tropomyosins seems to have clinical
relevance. The risk of asthma increased with the IgE
levels to these allergens. There was no association
with rGSTA sensitization, in agreement with the low
strength of the IgE response to this recombinant found
in a previous study [27]. Also there was no associa-
tion between sensitization to rAsc s 1 and asthma,
supporting the idea that Ascaris has IgE-binding com-
ponents mainly associated with resistance (i.e. Asc s 1)
and others associated with allergy [11]. Tropomyosins
are a family of proteins that comprise a large number
of reported allergens, hence their designation as so-
called pan-allergens. The high amino acid sequence
similarity among these molecules provides structural
support for immunological cross-reactivity [23, 26]
that could lead to the enhancement of sensitization to
tropomyosins from both HDM and Ascaris. The capa-
bility of tropomyosins from these sources to induce
allergic reactions has been evaluated in vivo and in vi-
tro in small samples [4, 26, 42, 43]. Here, for the first
time in a nationwide nested case–control study, we
show that IgE sensitization to HDM or Ascaris tropo-
myosins has clinical relevance.

IgE-binding frequencies of Der p 10 in studies from
China [44], Italy [45], Germany [46], Spain [42], Aus-
tria [47], Sweden [48] and France [49] range from 2
to 28%. There is little information on the prevalence
of sensitization to Blo t 10 in atopic subjects. One
report from Singapore [43] shows that 29% of
patients with rhinitis have IgE to Blo t 10. These

results contrast with the high prevalence (55%) of IgE
response to Der p 10 reported in Africa [50]. A possi-
ble explanation may be exposure to specific and
cross-reacting epitopes of helminths. Moreover, in a
previous study, we found that 74.9% of Ascaris-sensi-
tized asthmatic patients were positive to Asc l 3 [4],
and in the present work, 59% of asthmatics with a
positive IgE response to the specific nematode marker
Asc s 1 were sensitized to Der p 10 (data not shown).
Also, a high correlation between the IgE responses to
the three tropomyosins was observed (Fig. 3b). Fur-
thermore, Santiago et al. [51] found in an experimen-
tal study that cross-reactive anti-tropomyosin
antibodies induced by filarial infection bind to mite
tropomyosin, which is in agreement with findings in
humans. These data could help to define a need for
the inclusion of Ascaris or HDM tropomyosins in
arrays for component-resolved diagnosis in the tro-
pics, where a simplification by combining these
cross-reactive allergens in serological assays may be
advantageous.

The fraction of asthma attributable to sensitization
with any of the tropomyosins was higher than that for
sensitization to Ascaris (18.2% vs. 15.4%), suggesting
that the IgE responses to few key molecules belonging
to the same family have an important contribution to
the risk of asthma, higher than environmental factors
associated with asthma in other populations [52]. As
there are no previous studies analysing the association
between mite tropomyosins and asthma in a large
population, our results also provide a new view on the
role of HDM tropomyosins in asthma. The IgE response
to these allergens was higher than that to Asc l 3, sug-
gesting that the primary sensitizer was Blo t 10 or Der
p 10. In addition, the patterns of IgE responses to the
three tropomyosins indicate that although most of the
epitopes recognized are cross-reactive, species-specific
epitopes may exist.

Some limitations of this study merit consideration.
First, we did not investigate current Ascaris infection
by stool analysis. However, the results of other studies
from our group suggest that the frequency and inten-
sity of ascariasis in urban settings are low [9, 10].
Second, although questionnaires for asthma were con-
sistently validated, the lack of a complete clinical
diagnosis of asthma could influence case definition,
based mainly on wheezing. Third, as mentioned above,
the screening of the IgE responses to recombinant
HDM species-specific allergens would have provided a
more precise picture of the IgE boosting effect of
ascariasis. However, the availability of this panel of
allergens is still limited, and further work is necessary
to characterize them. Finally, in the definition of con-
trol, we excluded subjects with allergic rhinitis and
atopic eczema because these diseases are associated
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with asthma; however, this might lead to a selection
bias of the controls because it was not applied to
cases.

In summary, we have shown that, in a tropical
environment at least, IgE responses to Ascaris are a risk
factor for asthma in all ages and identified tropomyo-
sins as allergens partially underlying this association.
We could not rule out sensitization to other Ascaris-
specific allergenic components participating as risk
factors, so further investigation may reveal a larger set
of Ascaris components potentially modifying the evolu-
tion of asthma. We also found an additional, probably
non-specific boosting effect arising from a history of
ascariasis on the IgE responses to HDM.
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Supplementary Table 1Odds ratios of asthma among quartile categories of IgE to tropomyosins  

Variables Cases        

(N=356) 

Controls 

(N=435) 

Adjusted OR    

(95% C.I.) 

p value 

Quartile categories of IgE to rAsc l 3     

<= 0.089 
 

62 (17.4%) 

 

127 (29.2%) 

 

1.00 

 

 

0.090-0.098 86 (24.2%) 106 (24.4%) 1.70 (1.11-2.59) 0.014 

 

0.099-0.124 105 (29.5%) 107 (24.6%) 2.12 (1.40-3.22) <0.001 

 

>= 0.125 103 (28.9%) 95 (21.8%) 2.36 (1.48-3.74) <0.001 

 

Quartile categories of IgE to rBlo t 10  

<=0.095 
 

67 (18.8%) 

 

121 (27.8%) 

 

1.00 

 

 

0.096-0.105 82 (23.0%) 107 (24.6%) 1.43 (0.93-2.20) 0.100 

 

0.106-0.133 103 (28.9%) 111 (25.5%) 1.76 (1.15-2.68) 0.009 

 

>= 0.134 104 (29.2%) 96 (22.1%) 2.11 (1.31-3.40) 0.002 

 

Quartile categories of IgE to rDer p 10  

<=0.091 
 

66 (18.5%) 

 

115 (26.4%) 

 

1.00 

 

 

0.092-0.101 87 (24.4%) 117 (26.9%) 1.37 (0.89-2.10) 0.148 

 

0.102-0.127 102 (28.7%) 105 (24.1%) 1.73 (1.12-2.66) 0.014 

 

>=0.128 101 (28.4%) 98 (22.5%) 1.89 (1.17-3.06) 0.009 

 

Adjusted for age, gender, socioeconomic stratum, city and rAsc s 1 sensitization 
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Supplementary Table 2 Association of sensitization to Ascaris, mitesor recombinant molecular components and 

asthma: analysis by age groups  

* Adjusted for gender, socioeconomic stratum and city 

Sensitization to Cases/ 

Controls 

Crude OR         

(95% C.I.) 
p value 

Adjusted OR* 

(95% C.I.) 
p value 

 

7-18 years 

 

124/118 

    

 

Ascaris spp. 42/11 4.98 (2.42-10.27) <0.001 6.65 (3.00-14.74) <0.001 

B. tropicalis 68/27 4.09 (2.35-7.14) <0.001 5.24 (2.83-9.68) <0.001 

D. pteronyssinus  74/31 4.15 (2.41-7.16) <0.001 5.49 (3.00-10.04) <0.001 

House-dust mite  77/40 3.19 (1.89-5.41) <0.001 4.12 (2.30-7.37) <0.001 

Total IgE >100 kU/l 82/36 4.45 (2.59-7.63) <0.001 4.69 (2.68-8.22) <0.001 

rAsc l 3  45/34 1.41 (0.82-2.42) 0.216 1.41 (0.81-2.44) 0.224 

rBlo t 10  43/34 1.31 (0.76-2.26) 0.328 1.32 (0.76-2.31) 0.329 

rDer p 10  38/29 1.36 (0.77-2.39) 0.292 1.40 (0.78-2.49) 0.258 

rBlo t 10, rDer p 10 or rAsc l 3  50/38 1.42 (0.84-2.41) 0.190 1.45 (0.85-2.48) 0.178 

rAsc s 1  35/31 1.10 (0.63-1.95) 0.733 1.12 (0.63-2.00) 0.702 

rGSTA  16/18 0.82 (0.40-1.70) 0.599 0.84 (0.39-1.83) 0.663 

 

19-38 years 

 

122/154 

    

 

Ascaris spp. 38/18 3.42 (1.83-6.38) <0.001 4.63 (2.32-9.25) <0.001 

B. tropicalis  51/31 2.85 (1.67-4.86) <0.001 3.42 (1.93-6.04) <0.001 

D. pteronyssinus  63/32 4.07 (2.40-6.90) <0.001 4.18 (2.42-7.22) <0.001 

House-dust mite  63/41 2.94 (1.78-4.87) <0.001 3.17 (1.88-5.36) <0.001 

Total IgE >100 kU/l 61/46 2.35 (1.43-3.85) 0.001 2.66 (1.57-4.50) <0.001 

rAsc l 3  43/43 1.41 (0.84-2.34) 0.193 1.50 (0.88-2.58) 0.138 

rBlo t 10  48/46 1.52 (0.92-2.51) 0.100 1.63 (0.95-2.79) 0.079 

rDer p 10  38/42 1.21 (0.72-2.03) 0.481 1.25 (0.71-2.18) 0.441 

rBlo t 10, rDer p 10 or rAsc l 3  50/47 1.58 (0.96-2.60) 0.071 1.67 (0.99-2.84) 0.057 

rAsc s 1  36/44 1.05 (0.62-1.77) 0.865 1.19 (0.68-2.08) 0.554 

rGSTA  19/28 0.83 (0.44-1.57) 0.567 0.85 (0.42-1.69) 0.640 

 

39-59 years 

 

110/163 

 

 

   

Ascaris spp. 22/18 2.01 (1.02-3.96) 0.043 2.34 (1.11-4.91) 0.025 

B. tropicalis 34/23 2.72 (1.50-4.95) 0.001 2.96 (1.55-5.68) 0.001 

D. pteronyssinus  35/25 2.58 (1.44-4.63) 0.002 2.45 (1.32-4.55) 0.005 

House-dust mite  40/31 2.43 (1.40-4.22) 0.002 2.34 (1.30-4.19) 0.004 

Total IgE >100 kU/l 47/52 1.59 (0.97-2.63) 0.069 1.60 (0.93-2.74) 0.087 

rAsc l 3  41/40 1.83 (1.08-3.09) 0.025 1.83 (1.04-3.24) 0.037 

rBlo t 10  44/44 1.80 (1.08-3.02) 0.025 1.79 (1.03-3.13) 0.040 

rDer p 10  38/38 1.74 (1.02-2.96) 0.043 1.76 (0.98-3.14) 0.058 

rBlo t 10, rDer p 10 or rAsc l 3  45/46 1.76 (1.06-2.93) 0.030 1.82 (1.05-3.17) 0.034 

rAsc s 1  29/33 1.41 (0.80-2.50) 0.238 1.33 (0.73-2.44) 0.356 

rGSTA  20/15 2.19 (1.07-4.50) 0.032 1.99 (0.91-4.33) 0.084 

43



3 
 

Supplementary Table 3Association of sensitization to Ascaris, mitesor recombinant molecular components and 

asthma: analysis by gender 

* Adjusted for age, socioeconomic stratum and city 

 

 

 

 

 

 

 

 

 

 

Sensitization to Cases 

N, (%) 

Controls 

N, (%) 

Crude OR         

(95% C.I.) 
p value 

Adjusted OR* 

(95% C.I.) 
p value 

 

Male 

121  169      

Ascaris spp. 51 (42.1) 25 (14.7) 4.20 (2.40-7.33) <0.001 5.55 (2.96-10.40) <0.001 

B. tropicalis 65 (53.7) 44 (26.0) 3.30 (2.01-5.41) <0.001 3.31 (1.95-5.64) <0.001 

D. pteronyssinus  70 (57.9) 43 (25.4) 4.02 (2.44-6.63) <0.001 3.84 (2.24-5.59) <0.001 

House-dust mite  73 (60.3) 54 (31.9)  3.24 (1.99-5.27) <0.001 3.09 (1.82-5.22) <0.001 

Total IgE >100 kU/l 74 (61.2) 63 (37.3) 2.65 (1.64-4.28) <0.001 3.10 (1.84-5.24) <0.001 

rAsc l 3  45 (37.2) 46 (27.2) 1.58 (0.96-2.61) 0.072 1.68 (0.99-2.66) 0.056 

rBlo t 10  48 (39.7) 44 (26.0) 1.87 (1.13-3.08) 0.014 2.00 (1.18-3.41) 0.011 

rDer p 10  42 (34.7) 41 (24.3) 1.66 (0.99-2.77) 0.053 1. 79 (1.04-3.09) 0.037 

rBlo t 10, rDer p 10 or rAsc l 3  51 (42.1) 52 (30.7) 1.64 (1.00-2.67) 0.047 1.78 (1.06-2.99) 0.029 

rAsc s 1  29 (23.9) 35 (20.7) 1.21 (0.69-2.11) 0.510 1.35 (0.74-2.43) 0.327 

rGSTA  12 (9.9) 16 (9.5) 1.05 (0.48-2.31) 0.898 1.24 (0.53-2.87) 0.621 

 

Female 

235 266     

Ascaris spp. 51 (21.7) 22 (8.3) 3.07 (1.80-5.25) <0.001 3.13 (1.81-5.40) <0.001 

B. tropicalis  88 (37.4) 37 (13.9) 3.71 (2.40-5.73) <0.001 3.61 (2.31-5.66) <0.001 

D. pteronyssinus  102 (43.4) 45 (16.9) 3.77 (2.50-5.68) <0.001 3.62 (2.38-5.51) <0.001 

House-dust mite  107 (45.5) 58 (21.8) 3.00 (2.03-4.42) <0.001 2.85 (1.91-4.24) <0.001 

Total IgE >100 kU/l 116 (49.4) 71 (26.7) 2.68 (1.84-3.89) <0.001 2.66 (1.82-3.89) <0.001 

rAsc l 3  84 (35.7) 71 (26.7) 1.53 (1.04-2.24) 0.029 1.48 (1.00-2.18) 0.048 

rBlo t 10  87 (37.0) 80 (30.0) 1.37 (0.94-1.98) 0.100 1.31 (0.89-1.92) 0.170 

rDer p 10  72 (30.6) 68 (25.6) 1.29 (0.87-1.90) 0.207 1.24 (0.83-1.86) 0.288 

rBlo t 10, rDer p 10 or rAsc l 3  94 (40.0) 79 (29.7) 1.58 (1.09-2.29) 0.016 1.52 (1.04-2.21) 0.031 

rAsc s 1  71 (30.2) 73 (27.4) 1.15 (0.78-1.69) 0.494 1.07 (0.72-1.60) 0.731 

rGSTA  43 (18.3) 45 (16.9) 1.10 (0.69-1.74) 0.685 1.01 (0.63-1.64) 0.957 
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Supplementary Table 4Frequencies of sensitization to mites and tropomyosins according to IgE reactivity to 

rAsc s 1 
 

Sensitization to  

Negative                   

anti-rAsc s 1 IgE 

(N=583) 

Positive              

anti-rAsc s 1 IgE 

(N=208) 

Crude OR 

(95% C.I.) 
p value 

Adjusted OR* 

(95% C.I.) 
p value 

B. tropicalis  137 (23.5%) 97 (46.6%) 2.85 (2.04-3.97) <0.001 3.06 (2.11-4.32) <0.001 

D. pteronyssinus 167 (28.6%) 93 (44.7%) 2.01 (1.45-2.79) <0.001 2.18 (1.51-3.14) <0.001 

rBlo t 10  120 (20.6%) 139 (66.8%) 7.77 (5.47-11.05) <0.001 9.42 (6.39-13.88) <0.001 

rDer p 10  93 (16.0%) 130 (62.5%) 8.78 (6.14-12.56) <0.001 10.73 (7.23-15.93) <0.001 

 rAsc l 3   107 (18.4%) 139 (66.8%) 8.96 (6.27-12.80) <0.001 9.56 (6.57-13.94) <0.001 

 

 

*Adjusted for age, gender, socioeconomic stratum, city and asthma status 
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Abstract: To analyze the impact of Ascaris lumbricoides infection on the pathogenesis and diagnosis
of allergic diseases, new allergens should be identified. We report the identification of a new
Ascaris lumbricoides allergen, Asc l 5. The aim of this study was to evaluate the physicochemical
and immunological features of the Asc l 5 allergen. We constructed an A. lumbricoides cDNA library
and Asc l 5 was identified by immunoscreening. After purification, rAsc l 5 was physicochemically
characterized. Evaluation of its allergenic activity included determination of Immunoglobulin E (IgE)
binding frequency (in two populations: 254 children and 298 all-age subjects), CD203c based-basophil
activation tests (BAT) and a passive cutaneous anaphylaxis (PCA) mouse model. We found by amino
acid sequence analysis that Asc l 5 belongs to the SXP/RAL-2 protein family of nematodes. rAsc
l 5 is a monomeric protein with an alpha-helical folding. IgE sensitization to rAsc l 5 was around
52% in general population; positive BAT rate was 60%. rAsc l 5 induced specific IgE production in
mice and a positive PCA reaction. These results show that Asc l 5 has structural and immunological
characteristics to be considered as a new allergen from A. lumbricoides.

Keywords: Ascaris; allergen; IgE; Asc l 5; cDNA-library

1. Introduction

The prevalence of allergic diseases has increased worldwide during the last few decades, probably
depending on environmental and genetic influences. In the tropics, where allergic diseases and
intestinal helminthiases are frequent [1,2], their relationships can influence the pathogenesis of both
disorders. Ascaris lumbricoides infection (ascariasis) exerts a dual effect on allergic diseases such as
asthma: it can increase prevalence and symptoms or diminish the allergic inflammation through
immunomodulating molecules [3]. The immunostimulant effect of ascariasis has been explained
by non-specific boosting of T helper 2 (Th2) immunity, direct effects of larvae migration [1,4] and
cross-reactivity with house dust mite (HDM) allergens [5,6]. In addition, the existence of helminthiases
has limited the use of traditional diagnostic markers of allergy (such as total and specific IgE) in the
tropics, supporting the need for the detection of specific immune response. For those reasons, research
on helminth/allergy interactions is of great scientific and clinical interest in both industrialized and
developing countries [7].
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So far, three allergens from Ascaris have been described, one species-specific (Asc s 1) and two
cross-reactive with HDM (Asc l 3 and Asc l 13) [6,8–10]; however, the whole extract has at least nine
additional IgE binding components [11]. Since Ascaris induces strong IgE responses even from an early
age [12], other antigens could be potential allergens.

On the process of characterizing new allergens, it has been realized that allergenicity (IgE induction
and binding capacity) is not enough to demonstrate the whole allergenic activity; other tests that
confirm the involvement of candidate molecules in the inflammatory allergic reaction are necessary [13].
Furthermore, the physicochemical characterization of the molecule will help to understand both,
biological and immunological properties. In connection with our previous work about A. lumbricoides
allergen characterization [6,8], in the present work we constructed an A. lumbricoides cDNA library,
isolated and expressed a new IgE-binding molecule (Asc l 5), identified its native counterpart in a
natural source, analyzed its physicochemical attributes with a focus on aggregation behavior, ligand
binding properties, secondary structural elements and bioinformatics analysis, and investigated
the IgE-binding frequency and allergenic activity induced by Asc l 5 in humans and in a mouse
model of a passive cutaneous anaphylaxis (PCA). As a result, we identified and characterized a new
A. lumbricoides allergen.

2. Results

2.1. Asc l 5 Belongs to the SXP/RAL-2 Protein Family

Immunoscreening of the A. lumbricoides cDNA expression library with patients’ sera detected
three IgE-positive spots. The 3 clones were coding the same sequence that was submitted to the
GenBank database under accession number MN275230; the allergen was designated as Asc l 5 by the
International Union of Immunological Societies (IUIS) Nomenclature Committee. Sequence analysis
showed that Asc l 5 belongs to SXP/RAL-2 protein family. SXP motif 1 and SXP motif 2 are shown in the
sequence of Asc l 5 (Figure 1). When compared with sequences in databases, similarities were found
with other nematode proteins, for example As16 from Ascaris suum, Ag2 from Baylisascaris schroederi,
As14 from A. suum, and nematode infection markers such as SPX antigens from Brugia malayi and
Wuchereria bancrofti. It was of great interest for us that there were three Anisakis simplex allergens in the
same family: Ani s 5, Ani s 8 and Ani s 9. Since Ani s 5 is the only member of this protein family that
has been physicochemically characterized and its 3D structure resolved by nuclear magnetic resonance
(NMR, Protein Data Bank (PDB) entry 2MAR) [14], and considering the percent of identity between the
two proteins (53%), it was very helpful for addressing the physicochemical characterization of Asc l 5.
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Figure 1. Amino acid sequence alignment of Asc l 5 with other members of the SXP/RAL‐2 protein 

family. Each protein sequence  is preceded by  its name. Database entry code as  follow: As16  from 

Ascaris  suum:  BAC66614.1.  Ag2  from  Baylisascaris  schroederi:  ACJ03762.1.  Ag2  from  Ascaris 

lumbricoides: ADB45852.1. OV‐17  antigen  from Toxocara  canis: KHN84076.1. Ani  s  5  from Anisakis 

simplex: BAF43534.1. SPX‐1 from Brugia malayi: AAA27864.1. SXP antigen from Wuchereria bancrofti: 

AAC70783.1. Ag1 from Ascaris lumbricoides: ACJ03764.1. As14 from Ascaris suum: BAB67769.1. SXP‐1 

protein from Loa loa: AAG09181.1. Ani s 9 from Anisakis simplex: ABV55106.1. Ani s 8 from Anisakis 

simplex: BAF75681.1. SXP motif 1 and SXP motif 2 are shown (SXP motif 1 ([I:V]PPFLXGAPXXVV) 

and SXP motif 2 ([F:L]SP[E:A]A[R:K]XADAX‐[M:L][S:T]AIA). 

2.2. Natural Asc l 5 in the A. lumbricoides Extract 

Mature Asc l 5 was expressed in E. coli origami (DE3) as a hexa‐histidine‐tagged protein. Under 

sodium dodecyl sulphate‐polyacrylamide gel electrophoresis (SDS‐PAGE, reduced conditions), rAsc 

l 5 migrated at a molecular mass of ∼16 KDa (Figure 2A); this result agreed with theoretical molecular 

weight of tagged recombinant of 16.9 kDa. Approximately 25 milligrams of the recombinant protein 

were  obtained  from  1  L  of  the  expression medium.  rAsc  l  5 was  purified  to  homogeneity,  as 

determined by SDS‐PAGE and Coomassie staining. 

The purified rAsc l 5 inhibited around 30% of the IgE‐binding to the A. lumbricoides extract, as 

determined in enzyme‐linked immunosorbent assay (ELISA) inhibition (Figure 2B). Also, sera pool 

from Ascaris‐positive IgE individuals recognized rAsc l 5 by WB (Figure S1). As expected, sera pool 

from infected subjects detected several bands in the A. lumbricoides extract, including a band close to 

∼14KDa. 

Figure 1. Amino acid sequence alignment of Asc l 5 with other members of the SXP/RAL-2 protein
family. Each protein sequence is preceded by its name. Database entry code as follow: As16 from
Ascaris suum: BAC66614.1. Ag2 from Baylisascaris schroederi: ACJ03762.1. Ag2 from Ascaris lumbricoides:
ADB45852.1. OV-17 antigen from Toxocara canis: KHN84076.1. Ani s 5 from Anisakis simplex: BAF43534.1.
SPX-1 from Brugia malayi: AAA27864.1. SXP antigen from Wuchereria bancrofti: AAC70783.1. Ag1
from Ascaris lumbricoides: ACJ03764.1. As14 from Ascaris suum: BAB67769.1. SXP-1 protein from
Loa loa: AAG09181.1. Ani s 9 from Anisakis simplex: ABV55106.1. Ani s 8 from Anisakis simplex:
BAF75681.1. SXP motif 1 and SXP motif 2 are shown (SXP motif 1 ([I:V]PPFLXGAPXXVV) and SXP
motif 2 ([F:L]SP[E:A]A[R:K]XADAX-[M:L][S:T]AIA).

2.2. Natural Asc l 5 in the A. lumbricoides Extract

Mature Asc l 5 was expressed in E. coli origami (DE3) as a hexa-histidine-tagged protein. Under
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE, reduced conditions), rAsc l
5 migrated at a molecular mass of ∼16 KDa (Figure 2A); this result agreed with theoretical molecular
weight of tagged recombinant of 16.9 kDa. Approximately 25 milligrams of the recombinant protein
were obtained from 1 L of the expression medium. rAsc l 5 was purified to homogeneity, as determined
by SDS-PAGE and Coomassie staining.
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Figure  2.  rAsc  l  5  and  its natural  counterpart  in Ascaris  lumbricoides  extract.  (A) Sodium dodecyl 

sulphate‐polyacrylamide gel electrophoresis (SDS‐PAGE) of A. lumbricoides extract (5 μg) and rAsc l 

5  (1  μg).  (B)  Enzyme‐linked  immunosorbent  assay  (ELISA)  inhibition  using  a  pool  of  sera with 

positive IgE to Ascaris; A. lumbricoides extract in solid phase. (C) Western blot probed with sera from 
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Figure 2. rAsc l 5 and its natural counterpart in Ascaris lumbricoides extract. (A) Sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) of A. lumbricoides extract (5 µg) and rAsc l 5
(1 µg). (B) Enzyme-linked immunosorbent assay (ELISA) inhibition using a pool of sera with positive
IgE to Ascaris; A. lumbricoides extract in solid phase. (C) Western blot probed with sera from mice
immunized with rAsc l 5+Alum (C+) or phosphate-buffered saline (PBS) + Alum (C−) and PBS (as
buffer control for non-specific binding of rat AP-conjugated anti-mouse IgG1 antibody) shows that
natural Asc l 5 (nAsc l 5) is recognized in the A. lumbricoides extract (Lane Asc) and rAsc l 5 is recognized
as well. Asc: A. lumbricoides extract. (D) Mass spectrometric analysis of peptide coverage of nAsc l 5.
Blue lines indicate peptides identified by tandem mass spectrometry (MS/MS) from the A. lumbricoides
extract matching mature sequence of Asc l 5. Amino acid sequence of Asc l 5 deposited in GenBank
under accession number MN275230 is shown. Amino acids from 1 to 18 correspond to the signal
peptide, mature sequence of Asc l 5 starts in amino acid number 19.

The purified rAsc l 5 inhibited around 30% of the IgE-binding to the A. lumbricoides extract, as
determined in enzyme-linked immunosorbent assay (ELISA) inhibition (Figure 2B). Also, sera pool
from Ascaris-positive IgE individuals recognized rAsc l 5 by WB (Figure S1). As expected, sera pool
from infected subjects detected several bands in the A. lumbricoides extract, including a band close to
∼14 KDa.

In order to have an accurate identification of natural Asc l 5 and to further evaluate its identity
with the recombinant allergen, we used sera from mice immunized with rAsc l 5 to identify the
natural protein (nAsc l 5) in the extract (Figure 2C, lane for Asc). In the WB, mice polyclonal sera
recognized one band with a molecular weight of ∼14 kDa in the A. lumbricoides extract (Figure 2C), in
agreement with the theoretical molecular weight of the mature nAsc l 5. The amino acid sequence
of nAsc l 5 was confirmed by mass spectrometry performed using the in-solution trypsin-digested
A. lumbricoides extract (Figure 2D and Table S2). High coverage (77%) of the protein sequence was
obtained. In Figure 2D the amino acid sequence of nAsc l 5 is shown. The blue lines indicate the
peptides identified by tandem mass spectrometry (MS/MS) sequencing.
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2.3. rAsc l 5 Is a Monomeric Protein

rAsc l 5 was analyzed according to mass distribution of the protein in solution in DLS experiments
showing that it has only one peak at 17.41 kDa in close agreement with the theoretical mass value
of the hexa-histidine-tagged recombinant (16.9 kDa) and revealed a hydrodynamic radius (Rh) of
around 2.02 nm. This indicates that rAsc l 5 is a monomer (Figure 3A). rAsc l 5 does not form
aggregates, a feature also described for Ani s 5 [14]. High concordance was found between theoretical
and experimental amino acid composition of rAsc l 5, confirming the identity of the recombinant
and its concentration (950 µg/mL). The content of alpha helical structures was determined by Fourier
transform infrared (FTIR) spectroscopy, being 52.8%.
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Figure 3. Physicochemical properties of recombinant Asc l 5. (A) Hydrodynamic radius (Rh) determined
by dynamic light scattering (DLS). (B) 8-anilino-1-naphthalenesulfonic acid (ANS) assay, concentration
dependent reduction of ANS binding to rAsc l 5 preincubated with different concentrations of Ca2+ or
Mg2+. (C) Circular dichroism spectra of rAsc l 5 alone (100 µg/mL) or in presence of CaCl2 (74 mM
CaCl2) or MgCl2 (221 mM) measured at 20 ◦C. (D) Homology model of Asc l 5 based on Ani s 5
structure (2MAR_A). Left side shows a ribbon representation of Asc l 5. Center and right side show
electrostatic surface of Asc l 5. Negative charges are in red, positive charges are in blue. Right side,
180u rotated view.

51



Int. J. Mol. Sci. 2020, 21, 9761 6 of 20

2.4. Calcium and Magnesium Induce Structural Changes in rAsc l 5

Given the sequence similarity between Ani s 5 and Asc l 5, we explored if rAsc l 5 was able
to bind Ca2+ or Mg2+. Garcia-Mayoral et al. [14], showed that the Ani s 5 structure resembles a
Calmodulin-like fold. During Ani s 5′s physicochemical characterization, its ability to bind Ca2+ and
Mg2+ was evaluated [14]. Also, we investigated if these ligands induced structural changes in Asc l 5,
as has been described for Calmodulin, where remarkably changes in individual domains are observed
after Ca2+ binding [15]. As a first approach, we studied rAsc l 5 by ANS experiments. ANS is a probe
that increases its fluorescence upon binding to proteins (ANS alone has low fluorescence properties).
ANS also has been used to correlate changes in fluorescence intensity with changes in protein tertiary
structure [16]. If a natural ligand binds to the protein, less contact surface could be available for ANS
binding and an expected dose-dependent reduction of the signal can be observed, closely related with
changes in protein structure. As shown in Figure 3B, there were changes in ANS fluorescence when
Ca2+ or Mg2+ were added to the protein preparation, detected as a dose-dependent decrease of the
fluorescence signal, which is concordant with changes in protein structure and displacement of ANS by
metal ions, suggesting that rAsc l 5 binds both Ca2+ and Mg2+. To further evaluate possible structural
changes in rAsc l 5 induced by Ca2+ or Mg2+ we performed circular dichroism (CD) spectroscopy
experiments. CD spectra confirmed that there were changes in rAsc l 5′s secondary structural elements
induced by the addition of Ca2+ or Mg2+ (Figure 3C). Protein preparations used in CD assay were run
in SDS-PAGE gel, as shown in Figure S2. Structural changes in rAsc l 5 are consistently demonstrated
by CD and ANS fluorescence data, and might be necessary for interaction between Asc l 5 and
calcium/magnesium.

2.5. Three-Dimensional Structure Model of Asc l 5 Comprises Six Alpha Helices with Negatively Charged
Patches and Predicted Calcium and Magnesium-Binding Sites

The 3D structure model of Asc l 5 comprises six alpha helices as shown in ribbon representation
of Figure 3D (left side). Electrostatic surface representations of Asc l 5 are also shown (center and
right side). Negative and positive charges, as well as hydrophobic patches, are represented in the
structure. Negative patches occupy most of a cavity depicted on the surface of Asc l 5 (red color)
and come from aspartic (Asp) and glutamic (Glu) acid highlighted in red in the sequence of Asc l 5
showed in Figure S3A, where they represent 19.7% of total amino acids content in the mature sequence.
Carboxyl groups of Asp and Glu are able to coordinate to Ca2+ [17]. The major coordinating ligands for
magnesium as other alkaline-earth metals are carboxyl groups from Asp/Glu, additionally phosphate
groups from the nucleic acid backbone and imidazole ring from histidine side chains [18]. In the Asc l
5 model, three binding sites were predicted for Ca2+ and one for Mg2+, involving residues such as
Asp, Glu, His and Lys (Figure S3B). Some of the Asp/Glu predicted in Asc l 5 (Figure S3A) as metal
binding residues are conserved in aligned sequences in Figure 1, especially Asp from SXP motif 2
(88D) (Figure S3A). Interestingly, this residue was predicted to be involved in Mg2+ binding. Another
annotation about the predicted Mg2+ binding site is that it is close to one of the Ca2+ binding sites
where the Glu residue (70E) interacts with both ions (Figure S3B,C). In the Figure S3C, three Ca2+

and one Mg2+ ions have been added to the Asc l 5 model (the model has been rotated to appreciate
residues involved in ion binding). The structure was energy minimized in the presence of all four ions
in chimera. In the Figure S3C, Ca2+ ions are shown in blue, the Mg2+ ion is shown in magenta.

2.6. rAsc l 5 Binds IgE, Activates Basophils and Induces Histamine Release

We investigated the frequency of IgE sensitization to rAsc l 5 in 254 children from the “Risk Factors
for Asthma and Allergy in the Tropics” (FRAAT) cohort and 298 all-age subjects from Santa Catalina
(SC). The frequency of IgE-binding to rAsc l 5 in the FRAAT cohort and SC were 31.9% and 52.0%
respectively. Sensitization to rAsc l 5 was higher in individuals also sensitized to the Ascaris extract
(FRAAT: 44% vs. 23%, p < 0.001; SC: 58% vs. 47%, p = 0.05, Figure 4A). Frequencies of IgE reactivity
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to rAsc l 5 were also analyzed between asthmatic patients and controls from SC (Table 1), finding no
significant difference (58.0% vs. 50.8%, p = 0.35).
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Figure 4. Allergenic properties of rAsc l 5 as evaluated in humans. (A) Bar graphs summarizing
frequencies of sensitization to rAsc l 5 between individuals sensitized and non-sensitized to Ascaris:
254 children from the FRAAT cohort and 298 all-age subjects from Santa Catalina (SC). Error bars
indicate 95% confidence intervals. Cut off for IgE sensitization to rAsc l 5 was 0.145 and cut off for IgE
sensitization to Ascaris was 0.35 kUA/L. (B) Stimulation index of CD203c based-basophil activation test,
including samples stimulated with anti-IgE, Ascaris lumbricoides extract (10 µg/mL) and rAsc l 5 (10,
1 or 0.1 µg/mL) from five Asc l 5-sensitized patients and one Asc l 5 non-sensitized negative control.
(C) Percentage of histamine release determined by ELISA in a selected Asc l 5-sensitized patient and
the negative control.

53



Int. J. Mol. Sci. 2020, 21, 9761 8 of 20

Table 1. Serological and parasitological variables, Santa Catalina (SC).

Variables Asthmatics, n (%) Non Asthmatics, n (%) p Value

n = 50 n = 248
Asc l 5 sensitization 1 29 (58.0%) 126 (50.8%) 0.353
IgE to Asc l 5, OD 2 0.154 (0.114–0.253) 0.146 (0.115–0.233) 0.388

Ascaris spp. sensitization 1 26 (50%) 104 (42%) 0.190
IgE to Ascaris spp 2 0.444 (0.036–1.475) 0.251 (0.07–1.134) 0.821

n = 48 n = 242
A. lumbricoides by stool

examination 1 27 (56.3%) 168 (69.4%) 0.076

A. lumbricoides epg 2 546 (0–2047) 689 (0-2340) 0.197
n = 49 n = 236

Positive SPT to Ascaris 1 13 (26.5%) 30 (12.7%) 0.014
1 Determined as positive or negative n (%). p values by Pearson chi-square test. Cut off for rAsc l 5 sensitization was
0.145. Cut off for Ascaris spp. sensitization was 0.35 kU/l. Skin prick test (SPT) was considered positive if the mean
diameter of the wheal at 15 min was > 3 mm than the negative control. 2 Medians (interquartile range, 25th–75th). p
values were calculated using the Mann–Whitney U-test. OD: Optical density units. epg: Eggs per gram of faeces.

The immunological characteristics of samples used in CD203 based BAT and histamine release
are described in Table 2. Basophil activation results of individual samples are shown in Figure 4B as
the stimulation index (SI). rAsc l 5 induced significant upregulation of basophil CD203c expression in 3
out of 5 Asc l 5-sensitized patients (SI range from 2.0 to 6.6). The highest basophil activation value
was observed in patient 1 (SI 6.6), like that obtained with A. lumbricoides extract (SI 7.5). No activation
was observed in the cells from a rAsc l 5 non-sensitized control (patient #6, as negative control). A.
lumbricoides extract induced basophil activation in all Ascaris-sensitized patients (patients #1, #2 and
#3). As expected, anti-human IgE antibodies induced basophil activation that was used as the positive
control of the experiment. Histamine release results from a selected patient (patient #1) and the control
(patient #6) are shown in Figure 4C. The highest percentage of histamine release in the patient 1
stimulated with rAsc l 5 reached 42.3% while there was no histamine release from the control.

Table 2. Immunological characteristics of samples used in basophil activation test and histamine release.

Patients

Data #1 #2 #3 #4 #5 #6

Code ST371 ST581 ASC217 ST383 ST438 ASC040
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Diagnosis Asthma Parasited Asthma Rhinitis Asthma Asthma
IgE to rAsc l 5 1 0.29 0.51 0.29 0.38 1.20 0.12
IgE to Ascaris 2 16.2 8.19 3.64 0.30 0.03 9.02
IgE to Blomia 2 22.80 0.67 0.48 2.01 0.10 1.33

IgE to Dp. 2 2.20 0.10 0.31 7.04 0.02 1.16
Total IgE 2 642.6 727.1 588.3 478.7 228.5 975.8

Gender F F M F F F
Age 50 61 35 36 3 28

Stimulation index (SI) of CD203 based-basophil activation test
Anti-IgE 7.4 3.3 8.7 3.8 4.8 9.0

rAsc l 5 10 µg/mL 5.0 2.0 3.2 1.2 1.4 1.0
rAsc l 5 1 µg/mL 5.9 2.5 1.4 1.0 1.0 nd

rAsc l 5 0.1 µg/mL 6.6 1.2 0.9 1.0 1.0 0.9
Ascaris 10 µg/mL 7.5 4.7 8.1 1.7 1.0 14.6

Percentage of histamine release (%)
Ascaris 0.01 µg/mL 52.2 nd nd nd nd 31.0
Ascaris 0.1 µg/mL 75.2 nd nd nd nd 73.0
Ascaris 1 µg/mL 37.0 nd nd nd nd 100

rAsc l 5 0.01 µg/mL 42.3 nd nd nd nd 4
rAsc l 5 0.1 µg/mL 33.2 nd nd nd nd 0.4
rAsc l 5 1 µg/mL 18.0 nd nd nd nd 3

1 OD: Optical density units. As determined by ELISA. 2 kU/l as determined by ImmunoCAP. Dp: Dermatophagoides
pteronyssinus.
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2.7. rAsc l 5 Induces Specific IgE Production in Immunized Mice and A Positive Passive Cutaneous
Anaphylaxis (PCA) Reaction

The immunization protocol to obtain antisera and PCA model is shown in Figure 5A,B. Ova was
used as a positive control and induced the strongest IgE responses and extravasated Evans blue levels,
followed by Ascaris tropomyosin (Asc l 3) and rAsc l 5. However, there were no significant differences
among the three responses (Figure 5C,D).
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Figure 5. Allergenic properties of rAsc l 5 evaluated in a sensitization and passive cutaneous anaphylaxis
(PCA) model (A) Immunization schedule of female BALB/c mice using Ascaris molecules plus Alum:
Asc l 3 and rAsc l 5. Positive control OVA. Negative control PBS. IP: intraperitoneal. (B) PCA model
in BALB/c mice. (C) Strength of the IgE reactivity to OVA, Asc l 3 and rAsc l 5, median values are
shown. (D) Extracted Evans blue after PCA reaction detected to 620nm showed as mean ± standard
error of the mean (SEM) of OD values (OD: Optical density units). Comparison between groups was
done by one-way analysis of variance (ANOVA) and Dunnett’s multiple comparison test: ** p < 0.05,
*** p < 0.001, no significance for p > 0.05. ns: not significant). (E) Representative pictures after PCA
reaction from the pigmented area in abdominal skin.

Representative images of PCA reactions show that extravasated Evans Blue is more intense in
OVA, Asc l 3 and Asc l 5 groups compared with PBS control group (Figure 5E). These results show that
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rAsc l 5 can induce specific IgE production and after subsequent rAsc l 5 administration, it induces a
type I hypersensitivity reaction.

3. Discussion

Research on the relationships between helminthiases and allergic responses is important, not only
for getting better knowledge of the pathogenesis of both conditions, but also because in places where
they are prevalent, clinical repercussions in the diagnosis and management of asthma and other allergic
diseases are expected [19]. Also, allergic reactions could jeopardize the safety of potential helminth
vaccines. The analysis of the allergenic composition of A. lumbricoides is important for evaluating
the role of its allergens on the natural history of asthma and other allergic diseases [9], as well as
defining an array of species-specific and cross-reactive molecules for component-resolved diagnosis of
allergy [20–22].

In a previous study we found that Ascaris extract had at least 12 IgE-binding components [6],
since only three allergens have been described, the complete allergenic composition of this nematode
remains to be defined. To identify new allergens, we constructed an A. lumbricoides cDNA library and,
by using IgE antibodies from Ascaris-sensitized subjects, Asc l 5 was discovered. In this study we
focused firstly on the physicochemical characterization of Asc l 5, with emphasis on structure and
ligand binding characteristics, and secondly, we investigated the frequency of IgE recognition of Asc l
5 and its allergenic activity in humans and in a mouse model of passive cutaneous anaphylaxis.

Asc l 5 is a member of the SXP/RAL-2 protein family, which includes proteins from various
nematode species and has amino acid sequence similarity with those of nematode origin only, which
suggest that Asc l 5 could be useful for serological diagnosis purposes. However, additional studies
are needed to define this aspect. In SXP/RAL-2 protein family some member have being studied as
potential vaccine candidates [23–25] and others are markers of infection [26,27]. Interestingly, there are
3 allergens of Anisakis simplex that belong to this family [28–30]. DUF148 domain (Pfam code PF02520)
is present in these proteins and comprises two conserved motifs: SXP1 and SXP2 [26], which are
present in Asc l 5 (Figure 1). The function of this domain is unknown, but key information comes from
Ani s 5, the only member of the SXP/RAL-2 family with 3D structure resolved by NMR composed of
six alpha helices with a Calmodulin like fold, with functional studies indicating that Ani s 5 binds with
magnesium [14]. Sequence analysis of Asc l 5 and its close homologue Ani s 5 indicated that common
structural characteristics might be shared. Asc l 5 has one predicted binding site for magnesium and
two for calcium, and our experimental results have shown that structural changes in Asc l 5 are induced
by these two metal ions.

Studying the physicochemical properties of allergens helps to understand their biological function
and allergenic activities. In addition, it gives the possibility to molecular modifications for experimental
or clinical uses. Ani s 5, Ani s 8 and Ani s 9 from Anisakis simplex and now Asc l 5 from A. lumbricoides
are the only allergens that have been identified in the SXP/RAL-2 protein family. The fold of Ani s
5 is remindful of Calmodulin structure which is the primary calcium binding protein in eukaryotic
cells. Calmodulin binds Ca2+ through a helix-loop-helix structure (EF-hand motif), with highly
hydrophobic helices and negative residues [31]. Calmodulin function and structure are influenced
by calcium concentration. Folding of its individual domains change significantly in response to
Ca2+ [15]. Without Ca2+, Calmodulin has a “closed” configuration and after Ca2+ binding it changes
to a dumbbell-shaped “open” configuration, in this motion process becomes exposed to non-polar
residues such as methionine that interact with Calmodulin target proteins. These targets are hundreds
of intracellular proteins involved in a wide array of functions [32,33].

As described for Ani s 5, our results show that Asc l 5 is a monomeric protein. Some proteins
require calcium or magnesium ions to be functional. The binding site is a region in the protein where
metal ions will bind as a result of electrostatic interactions with residues of opposite charge through
coordination bonds [17]. The 3D structure model of Asc l 5 has negatively charged patches rich in Glu
and Asp that provide opposite charge to divalent cations such as typical alkaline-earth metal, Ca2+ and
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Mg2+. Highly negative proteins are usually involved in binding to Ca2+ and Mg2+ [17]. Calcium ions
can stabilize the secondary and tertiary structures of proteins that, for example allow binding of other
ions [34]. Calcium coordination bond distance is around 2.4–2.5 Å, while for magnesium it is typically
2.08 Å. This agrees with our in in silico analysis where we used a bond distance within the range
of 3.5 Å. Our bioinformatics analysis support CD and ANS-experimental results that demonstrated
structural changes in rAsc l 5 after adding Ca2+ or Mg2+, which could be a consequence of its metal
binding behavior whereby both ions may act as regulators that reposition/modify folding of secondary
structural elements in Asc l 5.

The implications of these observations will serve as a base for future studies and to further analyze
and get experimental structural data on the atomic level by X-ray crystallography or NMR spectroscopy
and confirm residues involved in metal binding and its stoichiometry, as well as, to study possible
effects of one metal ligand on the binding of the other. In addition, since protein ligands can influence
allergenicity by affecting allergen tertiary structure and biochemical attributes [35–37] the study of
structural modifications induced by ligands might help to analyze possible relationships between
allergen structure and allergenicity.

rAsc l 5 binds IgE with high frequency in Ascaris-sensitized individuals as evaluated in different
populations: 44% in FRAAT and 58% in SC. In the SC population, it was possible to evaluate the
clinical impact of this sensitization, showing that there is no difference in the degree or frequency of
sensitization between asthmatic and non-asthmatic individuals (Table 1). Although the number of
cases is small and this is not a main objective of this work, our data suggest that contrary to Ascaris
tropomyosin, Asc l 5 does not have a significant impact on asthma evolution. However, more studies
should be undertaken to address this point, not only in asthma [20] but also to explore the effect of Asc l
5 sensitization on other allergic diseases such as atopic dermatitis, an aspect of ascariasis that have been
little investigated [38]. The strength of the IgE response to rAsc l 5 is similar to that observed in other
studies against Ascaris tropomyosin or ABA-1 [9,20,39], and greater than that detected for glutathione
transferase allergen (Asc l 13) [8,20]. In both in vitro and in vivo tests for allergenic activity, rAsc l 5
induces positive basophil activation and histamine release in humans. Also, rAsc l 5 induces specific
IgE production and positive PCA reaction with similar strength as that of tropomyosin. All these
results from humans and mice suggest that specific IgE to rAsc l 5 can induce allergic inflammation.

ELISA inhibition experiments showed that rAsc l 5 inhibits around 30% of IgE binding capacity of
the patient sera directed against A. lumbricoides extract, indicating that the response to Asc l 5 may be
a third part of the total extract reactivity, supporting the potential usefulness of Asc l 5 in arrays for
component resolved diagnosis of Ascaris allergy.

In the SXP/RAL-2 protein family there are some antigens that have been proposed as potential
vaccine candidates for Ascaris-infection prevention with results supported in mouse and pig
experimental models, such as As14 [23] and As16 [24,40,41]. Our findings about the allergenic
activity of Asc l 5 might have implications for the use of Ascaris molecules as potential vaccines
against ascariasis and in a general way in the use of vaccines to prevent helminthiases. Considering
the allergenic activity of Asc l 5, it is reasonable to think that it could be useful to evaluate the
allergenic properties of nematode-candidate antigens before designing vaccines from the SXP/RAL-2
family. To our knowledge, safety of nematode vaccines has been studied only in one phase I trial
of a vaccine candidate from Necator americanus in which the vaccination of healthy adults living in
a hookworm-endemic area of Brazil with a single dose of Na-ASP-2 antigen (Ancylostoma-secreted
protein 2) resulted in generalized urticarial reactions in several volunteers [42]. In this study, the
authors suggest that in endemic areas nematode infections might induce IgE responses to candidate
vaccine antigens and hypersensitivity reactions, highlighting the importance of performing serological
studies before the administration of vaccine candidates for preventing helminth infections [42].

In summary, we described the identification and physicochemical characterization of Asc l 5 a new
allergen from A. lumbricoides. This work contributes to the knowledge of physicochemical properties of
SXP/RAL-2 family members and to the growing list of Ascaris lumbricoides allergens. Asc l 5 might be
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useful for diagnosing of A. lumbricoides infection and for component-resolved diagnosis of allergy. Asc
l 5 is the second member of SXP/RAL-2 protein family that has been physicochemically characterized.
The study of biological functions of Asc l 5 and other members of the SXP/RAL-2 protein family may be
useful to reveal the role of these molecules in nematodes’ metabolism and host-parasite relationships.
Analyzing the possible links between infection and host responses (such as IgE and Th2 immunity)
may contribute to understanding the relationship between helminth infections and allergy.

4. Materials and Methods

4.1. Subjects

The participants were from two well-characterized populations [39,43], here summarized as
follows: (1) A population from Santa Catalina (SC, n = 298, aged 1 to 88 years), a small tropical
farming/fishing town located at the North of Colombia [39] where current ascariasis was determined
by stool analysis with a prevalence of infection of 62.5% [39]. Individuals with available serum samples
were included in this study. Using an “International Study of Asthma and Allergies in Childhood”
(ISAAC)-based questionnaire previously validated in our country, a ‘case’ of asthma was defined as
described previously [44]. Affirmative cases were confirmed by medical evaluation, 50 were asthmatic
patients and 248 non-asthmatic controls, recruited from the same neighborhoods [39]; (2) The second
population were children of four-year-old (range: 47–57 months) from the FRAAT cohort (n = 254).
This is a community-based birth cohort for a prospective follow-up and collection of epidemiological
data and biological samples [12,21,43].

4.2. Ethical Statement

This study was conducted following the ethical principles for medical research stated in the
Declaration of Helsinki. The Bioethics Committee of the University of Cartagena approved the study
(Minute 17-05-2012). A full verbal explanation of the investigation was given to each participant and
written informed consent was obtained from all subjects or their parents or legal guardians.

4.3. IgE Immunoscreening of A. lumbricoides cDNA Library

Total RNA extraction was performed from three A. lumbricoides adult females using TRIzol (Gibco,
Invitrogen, Carsbald CA, USA). Messenger RNA was purified by a batch method (Oligotex, Qiagen
GmbH, Hilden, Germany), and cDNA synthesis was performed using cDNA Synthesis Kit (Agilent)
following the manufacturer’s instructions. The cDNA inserts were ligated into the Uni-ZAP XR vector
(Agilent) and packaged into bacteriophage Gigapack III Gold (Agilent). Infection of host bacteria was
performed in Escherichia coli XL1-Blue MRF’. The cDNA library was stored at −80 ◦C until use [45].
IgE immunoscreening was done using five sera from A. lumbricoides-infected children with positive
IgE to Ascaris (9.81 to 28.6 kUA/L), and five negative controls (IgE lower than 0.08 kUA/L). Infection of
host bacteria with the phages was undertaken at a density of 5000 plaque-forming units per Petri dish
(150 mm diameter). Plaques were transferred to nitrocellulose filters (Amersham Corp., Arlington
Heights, IL, USA) soaked in isopropyl β-D-1-thiogalactopyranoside (IPTG). The filters were blocked
for 1 h with 5% solution of skim milk powder and were washed three times with PBS containing
0.1% Tween 20. They were incubated overnight at room temperature, with the pool of human sera.
IgE binding was detected by incubating the membranes with an alkaline phosphatase-conjugated
anti-human IgE antibody–(Sigma) diluted 1:500 in PBS containing 0.2% bovine serum albumin (BSA)
and 0.05% Tween-20, and developed with 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue tetrazolium
(BCIP/NBT) substrate (BIO-RAD) dissolved in alkaline phosphatase buffer (pH 9.5).

4.4. Isolation, Sequencing, and Nucleotide Analysis of IgE-Binding Clones

Agar lysis plaques were obtained and placed in 1.5 mL microfuge tubes with 100 µL of SM buffer
and stored at 4 ◦C. For each of the positive clones the screening was repeated to obtain isolated plaques.
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The DNA inserts were amplified directly by polymerase chain reaction (PCR) with the universal
primers “T7 promoter” and “M13 reverse”, selected according to the cloning sites of the phagemid
pBluescript SK (-). Conditions for the PCR in a thermocycler S1000 (BIO-RAD) were as follows: initial
denaturation of 5 min at 95 ◦C, followed by 35 cycles of 1 min at 94 ◦C; 45 s at 52 ◦C, 1 min at 72 ◦C and a
final extension at 72 ◦C for 5 min. Analysis of the amplification product was performed in a 1% agarose
gel in the presence of SYBR safe DNA gel stain (Invitrogen). Nucleotide sequences were undertaken
with the BigDye Terminator v3.1 Cycle Sequencing Kit using capillary electrophoresis and ABI3730xl
sequencer. Online bioinformatics tools including Basic Local Alignment Search Tool (BLASTN) and
open reading frame (ORF) finder tool (http://www.ncbi.nlm.nih.gov/gorf/gorf.html) were used to
identify the nucleotide sequences and determine similarities with previously reported sequences in
GenBank. Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) was used to multiple alignments
of cDNA and protein sequences and SignalP-5.0 Server (http://www.cbs.dtu.dk/services/SignalP/) to
analyze the presence of a signal peptide on the protein sequence.

4.5. Cloning, Expression, and Purification of Recombinant Asc l 5

The cDNA sequence coding for Asc l 5 protein was subcloned without signal peptide into
the expression vector pET-45b+ (GenScript, USA) and E. coli Origami (DE3) competent cells were
transformed by electroporation. The E. coli cultures were grown overnight in Luria–Bertani medium
containing 100 mg/L ampicillin at 37 ◦C. Expression of the recombinant protein was induced by adding
IPTG to a final concentration of 1 mM at an OD600 of 0.5. After cultivation for additional 5 h at 37 ◦C,
E. coli cultures were centrifuged (30 min, 3500 rpm, 4 ◦C). Induced cultures were re-suspended in
native buffer (50 mM NaH2PO4, 300 mM NaCl), incubated with lysozyme (1 mg/mL, 30 min on ice)
and sonicated. Lysates were incubated with Nickel-Nitrilotriacetic Acid (Ni-NTA) resin (Invitrogen)
for one hour, washed with native buffer plus 20 mM imidazole, and eluted with native buffer plus
250 mM imidazole as a 6xHis-tagged protein [8]. The purified recombinant was directly subjected to
SDS-PAGE analysis.

4.6. A. lumbricoides Extract Preparation, Enzyme-Linked Immunosorbent Assay (ELISA) Inhibition and
Western Blot (WB)

Adult A. lumbricoides worms were washed in sterile saline solution (0.9% p/v of sodium chloride)
with penicillin and streptomycin, then washed with PBS and cut in small pieces that were frozen with
liquid nitrogen and homogenized using mortar and pestle. After the liquid nitrogen was evaporated
completely, macerated worms were diluted in PBS in a 1:10 proportion (1g of worms in 10 mL) and
centrifuged. The supernatant (extract) was dialyzed in water using a 3500 Dalton molecular weight
cutoff membrane (Spectra/Por®). Protein concentration (1.3 mg/mL) was determined by Bradford
(Thermo). The lyophilized extract was kept at −20 ◦C until used. For ELISA inhibition between
rAsc l 5 and A. lumbricoides extract, a pool of serum samples (1:5 dilution) from Ascaris-sensitized
patients (Table S1) was incubated with the inhibitors rAsc l 5, A. lumbricoides extract or BSA (Bovine
serum albumin) respectively at different concentrations (0.001, 0.01, 0.1, 1, 10, 100 and 1000 µg/mL).
After adsorption during 10 h at 4 ◦C, 100 µL of the inhibited pool was loaded into each well coated
with A. lumbricoides extract on solid phase. IgE-binding was measured by ELISA, and the results
were expressed in percentage of inhibition, calculated as follows: percent of inhibition = OD without
inhibitor—OD with inhibitor/OD without inhibitor X 100. BSA was the nonrelated inhibitor control [6].
WB using sera from Ascaris-sensitized patients was undertaken to evaluate IgE-reactivity of the
recombinant Asc l 5. The protocol was performed as described before [9]. A pool of sera from
5 Ascaris-sensitized patients with specific IgE to Ascaris spp. ranged from 3.88 to 8.54 kUA/L as
determined by ImmunoCAP and 5 negative controls with specific IgE to Ascaris spp. bellow 0.08 kUA/L
and PBS buffer control were used to evaluate reactivity of rAsc l 5. WB using sera from mice immunized
with rAsc l 5 (see below) was used to identify its native counterpart (nAsc l 5) in the A. lumbricoides
extract. For gel electrophoresis, 10 µg of A. lumbricoides extract and 0.375 µg of rAsc l 5 were applied to
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each well of 12% SDS-PAGE. After SDS-PAGE, proteins were blotted onto a nitrocellulose membrane
(Whatman, Maidstone, UK) and incubated with sera pool of 4 rAsc l 5-immunized mice diluted 1:200
and bound IgG1 was detected using a rat AP-conjugated anti-mouse IgG1 antibody (1:2000, Southern
Biotech) [46].

4.7. Peptide Analysis by Nano-Liquid Chromatography–Tandem Mass Spectrometry (LC-MS/MS)

5µL of A. lumbricoides extract (1000µg/mL) were digested with the ProteoExtract All-in-One Trypsin
Digestion Kit (EMD Millipore, Billerica, MA, USA) and desalted using C18ZipTips (EMD Millipore,
Billerica, MA, USA). Resulting peptides were separated by reverse-phase nano-high performance
liquid chromatography (HPLC, Dionex Ultimate 3000, Thermo Fisher Scientific, Bremen, Germany,
column: PepSwift Monolithic Nano Column, 100 µM × 25 cm, Dionex). The column was developed
with an acetonitrile gradient (Solvent A: 0.1% (v/v) FA/0.01% (v/v) TFA/5% (v/v) ACN; solvent B: 0.1%
(v/v) FA/0.01% (v/v) TFA/90% (v/v) ACN; 5–45% B in 60 min) at a flow rate of 1 µL/min at 55 ◦C).
The HPLC was directly coupled via nano electrospray to a Q Exactive Orbitrap mass spectrometer
(Thermo Fisher Scientific). Capillary voltage was 2 kV. For peptide assignment, a top 12 MS/MS method
was used with the normalized fragmentation energy set to 27%. Proteins were identified with PEAKS
Studio 8 (Bioinformatics Solutions, Waterloo, Canada), using the UniProt (SwissProt/TrEMBL) sequence
database. For the identification of post-translational modifications and amino acid exchanges, the PTM
and Spider modules of PEAKS Studio were used. Only peptides with high confidence scores (−10lgp ≥
35, corresponding to false discovery rate (FDR) < 0.5%) were considered in the database searches.

4.8. Size Exclusion Chromatography, Amino Acid Composition, Aggregation Behavior and Fourier Transform
Infrared (FTIR) Spectrosocpy Experiments

An additional purification step of rAsc l 5 was performed by size exclusion chromatography in
5 mM sodium phosphate buffer pH 6.8 using a Superdex 75 10/300 GL column (GE Healthcare Life
Sciences) using an ÄKTA pure chromatography system (GE Healthcare Life Sciences). Amino acid
composition and protein concentration were determined by amino acid analyses according to the
PicoTagTM method (Waters, Milford, MA, USA) using a (HP) 1100 HPLC system (Hewlett-Packard,
San Jose, CA, USA) equipped with a 3.9 × 150 mm Nova-pak C18 column (Waters). The aggregation
behavior was evaluated by dynamic light scattering (DLS) using a DLS 802 system (Viscotek
Corp., Houston, TX, US). Data of 10 independently recorded measurements were evaluated using
the OmniSize™ software (Viscotek Corp.) and displayed as mass weighted distribution of the
hydrodynamic radius. For FTIR experiments, the spectra of rAsc l 5 (1000 µg/mL) were recorded at a
constant temperature (25 ◦C) using an AquaSpec transmission cell adapted to a Tensor II Confocheck
FTIR system (Bruker Optics Inc., Billerica, MA, USA). The second derivative was calculated of the amide
1 band and the curve was smoothed by applying the Savitzky–Golay algorithm with 25 smoothing
points. Spectra were vector-normalized, and baseline corrected (background signal of the buffer
solution was subtracted). For the analysis of secondary structural elements, a Quant2 method provided
by Confocheck (Bruker Optics Inc.) was used.

4.9. Calcium and Magnesium-Binding Experiments and Circular Dichroism (CD) Spectroscopy

ANS fluorescence experiments were performed in duplicates and recorded using an Infinite®

200 PRO Series plate reader (Tecan Trading AG, Switzerland) at room temperature and excitation
wavelength of 370 nm. rAsc l 5 was prepared in 10 mM Tris buffer at final concentration of 4 µM. CaCl2
or MgCl2 were prepared in serial two-fold dilutions starting from 400 mM and incubated with rAsc l 5
for 1 h. ANS was added at final concentration of 50 µM. Fluorescence emission spectra were obtained
between 400 and 600 nm and represented as area under the curve. CD experiments were recorded to
evaluate changes in secondary structure elements of rAsc l 5 in presence of CaCl2 or MgCl2 at 20 ◦C.
CD spectra were recorded using a JASCO J-815 spectropolarimeter fitted with a PTC-423S Peltier type
single position cell holder (Jasco, Tokyo, Japan), in 10 mM K2HPO4/KH2PO4. Samples were measured
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from 190–260 nm at resolution of 1 nm with 1 nm bandwidth and a scanning speed of 1 nm/s. Five
spectra were averaged and background of the buffer solution was subtracted. Data were presented as
mean residue molar ellipticity. Optimal ratios for CD experiments were selected from previous ANS
assays where significant changes in fluorescence intensity were detected (4 µM rAsc l 5/50 mM CaCl2
or 4 µM rAsc l 5/150 mM MgCl2). Final concentrations for CD experiments were: 100 µg/mL of rAsc l 5
(corresponding to was 5.9 µM), 74 mM CaCl2 or 221 mM MgCl2, as needed.

4.10. Modeling of Three-Dimensional Structure of Asc l 5 and Ca2+ and Mg2+ Binding Sites

A 3D-homology model of Asc l 5 was based on the known NMR structure of Ani s 5. Asc l
5 models were calculated with MODELLER [47] using all NMR-models from PDB entry 2MAR as
templates. The best model was selected with the model scoring option of MAESTRO [48]. The figures
of Asc l 5 structure (ribbon and electrostatic surface representations) were done by UCSF Chimera [49].
Electrostatics was calculated with APBS [50]. For prediction of Ca2+ and Mg2+ binding sites, metal
ion-binding (MIB) site prediction and docking server (http://bioinfo.cmu.edu.tw/MIB/) was used, which
predicts metal binding sites using protein three-dimensional structure. MIB server was based on
the local structural comparison between metal ions-binding residue templates that include residues
coordinated to metal ions within 3.5 Å and the 3D-homology model of Asc l 5 [51] by using the
fragment transformation method [52].

4.11. Specific IgE

Specific IgE antibody levels to Ascaris spp, D. pteronyssinus and B. tropicalis extracts were measured
using ImmunoCAP system (Thermo Fisher Scientific), following the technical instructions of the
manufacturer. Specific IgE levels equal to or greater than 0.35 kUA/L were considered positive.
For indirect ELISA serum samples, conjugate dilutions and antigen concentrations were obtained
by titration. Each well was coated with 1 µg of antigen diluted in sodium carbonate/bicarbonate
buffer. ELISA was performed as described before [20]. Cut-off value to define positive or negative IgE
responses to rAsc l 5 was calculated as the mean optical density (OD) of 9 negative controls + 3 SD.
The cut-off value for IgE anti-rAsc l 5 was 0.145. Sensitization was defined as a positive specific IgE
result detected by ELISA or ImmunoCAP to any extract or to the recombinant allergen.

4.12. Basophil Activation Test

The basophil activation test was performed as recommended by the manufacturer of the assay
Allergenicity Kit (Beckman Coulter, Inc. CA, USA) and measured by flow cytometry. Peripheral
blood samples were collected from five rAsc l 5-sensitized individuals and one rAsc l 5-non sensitized
control in endotoxin-free EDTA tubes. Aliquots (50 µL) of the blood were incubated with 10 µL of PBS
(unstimulated control), 10 µL of allergenicity positive control (Anti-IgE) or 10 µL of serial dilutions of
allergens (to final concentration of 0.1 µg/mL, 1 µg/mL and 10 µg/mL) for 15 min at 37 ◦C. Basophils
were gated based on the expression of CRTh2 marker and activation was assessed by detection of the
activation marker CD203c using phycoerythrin-conjugated CD203c mAb 97A6 in a FACSAria™ III
cytometer (BD Biosciences). Cytometry data analysis was undertaken using FlowJo V10 (Tree Star, Inc.,
Ashland, OR, USA). In each assay at least 500 basophils were counted. Allergen-induced upregulation
of CD203c was expressed as the stimulation index (SI), calculated using mean fluorescence intensities
(MFI) obtained with stimulated sample (MFI stim) divided by unstimulated sample (MFI control),
SI = MFI stim/MFI control. SI ≥ 2.0 was considered positive [53,54].

4.13. Histamine Release

Heparinized blood was drawn from samples using BD Vacutainers (Becton Dickinson, Franklin
Lakes, NJ, USA). Basophil histamine release was induced by incubating 200 µL of fresh blood with
200 µL of serial concentrations (to final concentration of 0.01, 0.1, 1 µg/mL) of rAsc l 5 or A. lumbricoides
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extract. Allergen dilution buffer and anti-human IgE positive control were used as described by the
manufacturer (Histamine Release kit; IBL International GmbH, Hamburg, Germany). Histamine
concentrations were quantified by ELISA (IBL International GmbH, Hamburg, Germany). Total
histamine release was determined in cells treated with hypotonic solution and regarded as 100%
release. Spontaneous release was calculated in cells treated with allergen dilution buffer, and the result
was subtracted from cells treated with allergens. Absorbance was measured at 450 nm. Percent of
allergen-induced release was calculated in relation to the total histamine release [9].

4.14. Production of Antisera against rAsc l 5, Antibody Determinations and PCA Model

Polyclonal antisera to rAsc l 5 were raised in 6 to 8-week-old female BALB/c mice (Instituto
Nacional de Salud, INS, Bogotá, Colombia). Mice received intraperitoneal injections of rAsc l 5 (20 µg)
suspension with aluminum hydroxide 2 mg (Thermo Fisher Scientific) three times in a seven-day
interval [55] and blood sampled 7 days after the last injection. Mice were also immunized with the
HDM cross-reactive allergen tropomyosin (Asc l 3) [9]. Solutions were prepared in PBS (Dulbecco’s
Phosphate-Buffered Saline, Thermo Fisher Scientific) before use and mixed thoroughly to ensure
homogeneity. OVA-sensitized animals were the positive controls for these experiments [56] and
PBS-treated mice the negative controls. Mice were kept under specific pathogen-free environment
(22 ◦C, 50–60% humidity, and 12-h light/dark cycle) and fed with standard pellet diet and drinking
water ad libitum [45]. Animal experiments were performed in accordance with institutional protocols
(University of Cartagena, Minutes 117, 13-03-2019). Antibody responses of animals were evaluated
by ELISA. MaxisorpTM microtiter plates were coated with the antigens (0.5 µg/well) by overnight
incubation at 4 ◦C and washed 4 times with PBS 0.1% Tween 20. Wells were then blocked with
PBS 1% BSA for 3 h at room temperature. Plates were washed (5X) and incubated overnight with
diluted plasma samples (1:10) at 4 ◦C. After 5 washes, wells were incubated with biotin labeled
anti-mouse IgE 1:1000 (Clone 2363, eBioscience), 1 h at room temperature (RT). After 5 washes,
streptavidin-alkaline-phosphatase 1:4000 (Sigma-Aldrich, Saint Louis, MO, USA) was added and
incubated an additional hour. p-nitrophenyl phosphate (1 mg/mL) was used as substrate solution.
Optical densities were read at 405 nm in a spectrophotometer [55]. To increase the sensitivity of the IgE
ELISA, IgG was depleted from serum by incubation with protein G sepharose [57]. The PCA model
was performed as follows. Naive 6 to 8-week-old female BALB/c mice were injected intradermally with
100 µL of plasma from immunized mice into abdominal skin. Twenty-four hours later, each mouse was
injected via the tail vein with 200 µL containing 25 µg of Ascaris molecules or PBS control, plus 0.5%
Evan’s Blue (PanReac AppliChem) dissolved in PBS. After 2 h, the mice were euthanized. One square
centimeter was cut from the pigmented area in each mouse. The removed skin was incubated with
formamide, and then the extravasated Evans blue dye was extracted. The amount of dye absorbance
at 620 nm was measured in a spectrophotometer (Spectra Max 250; Molecular Devices, Sunnyvale, CA,
USA) [58].

4.15. Statistics

Analyses were conducted using SPSS version 20.0 (SPSS, Chicago, IL, USA) and GRAPHPAD
PRISM version 5.01 for Windows (GraphPad Software, San Diego, CA, USA). IgE values of individual
participants were not normally distributed; therefore, they were reported as median values and
interquartile ranges (IC). Differences between proportions of subjects sensitized were analyzed by a
Pearson chi-square test. The Mann–Whitney U-test was used for comparison of continuous variables
as needed. For all analyses, p values < 0.05 (two tailed) were considered significant. For comparison of
means of more than two groups, one-way ANOVA and Dunnett’s multiple comparison test were used.
In this case mean ± standard error of the mean (SEM) was used for each group.
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Supplementary material  

Table S1 Description of pool sera used in ELISA inhibition  
 

Code Gender Age Origin Diagnosis IgE to 
 rAsc l 5 1  

IgE to  
Ascaris spp 2 

ASC235 M 12 ASA cohort Asthma  3.20 119.6 
ASC188 F 42 ASA cohort Asthma 0.85 9.08 
ASC115 F 49 ASA cohort Asthma 0.55 1.22 
ASC084 M 9 ASA cohort Asthma 0.65 2.49 
ASC064 M 10 ASA cohort Asthma 0.50 3.61 
ASC055 M 28 ASA cohort Asthma 0.39 3.10 
ASC147 F 27 ASA cohort Asthma 0.29 5.66 
ASC081 F 9 ASA cohort Asthma 0.27 60.2 

 
1 OD: Optical density units. As determined by ELISA 
2 kU/l as determined by ImmunoCAP. 
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2 
 

Table S2 Peptide List of natural Asc l 5. Tryptic peptides coinciding with Asc l 5 sequence after 
nano-LC-MS/MS of the A. lumbricoides extract. 

 
 
 
 
 
 
 
 
 
 

Peptide -10lgP Mass Length ppm m/z RT PTM 

KDEEKTDPEIEADIDAFVAK 103.00 22.620.903 20 1.1 11.320.537 84.50   

DEEKTDPEIEADIDAFVAK 102.93 21.339.954 19 -0.5 10.680.044 102.04   

VPPFLVGAPESAVKDFFELIKK 88.26 24.303.562 22 -1.3 6.085.955 147.46   

Q(-17.03)TPSRVPPFLVGAPESAVKDFFELIK 88.16 28.545.269 26 -0.6 9.525.156 165.32 Pyro-glu from Q 

Q(-17.03)TPSRVPPFLVGAPESAVKDFFELIKK 87.25 29.826.218 27 -0.6 7.466.623 151.29 Pyro-glu from Q 

TDPEIEADIDAFVAK 84.46 16.327.882 15 -0.2 8.174.012 108.49   

VPPFLVGAPESAVKDFFELIK 80.50 23.022.612 21 0.0 7.684.277 167.40   

DFFELIKKDEEKTDPEIEADIDAFVAK 76.78 31.545.596 27 2.3 7.896.490 136.15   

VPPFLVGAPESAVK 72.46 14.097.917 14 0.1 7.059.032 86.62   

PEIEADIDAFVAK 68.23 14.167.136 13 -0.2 7.093.640 96.59   

IKETMESLPK 55.06 11.746.267 10 -1.0 5.883.201 29.24   

LTAIAEDAKLNGIQK 53.43 15.838.882 15 -1.0 7.929.506 49.78   

D(+226.08)EEKTDPEIEADIDAFVAK 52.41 23.600.728 19 -1.5 11.810.419 83.81 Biotinylation 

EEKTDPEIEADIDAFVAK 51.93 20.189.684 18 -2.2 6.739.952 94.30   

DFFELIKKDEEK 51.27 15.397.820 12 -1.4 7.708.972 72.54   

IKETM(+15.99)ESLPK 50.40 11.906.217 10 -0.5 5.963.178 28.79 Oxidation (M) 

DFFELIKK 48.67 10.385.750 8 0.4 5.202.950 78.50   

LTAIAEDAKLNGIQKR 48.55 17.399.894 16 -0.2 5.810.036 36.85   

LTAIAEDAK 48.18 9.305.022 9 -0.6 4.662.581 29.93   

EVRDELEKAIAGGA 43.40 14.567.521 14 1.3 7.293.843 67.37   

DFFELIK 42.43 9.104.800 7 -0.7 4.562.469 105.59   

IKETMESLPKEVRDELEK 42.29 21.731.299 18 -0.9 5.442.892 64.63   

EVRDELEK 42.19 10.165.138 8 -0.4 5.092.640 25.88   

AHEAEYEK 41.48 9.754.297 8 -0.3 4.887.220 24.37   

AHAAAIAK 37.29 7.514.340 8 -0.8 3.767.240 27.50   

KDEEKTDPEIQ(sub E)ADIDAFVAK 36.41 22.611.062 20 3.0 5.662.855 92.13   

total 26 peptides               

68



3 
 

Figure S1 SDS-PAGE of samples used for Western blot probed with sera pool from individuals 
with positive IgE to Ascaris.                 
   

 
 
 
 
Supplementary Figure 1. Lys) E. coli Origami (DE3) lysate, N.I) non-induced transformed culture lysate of 
E. coli Origami (DE3), rAsc l 5) induced transformed culture lysate of E. coli Origami (DE3) and Asc) Ascaris 
lumbricoides extract. 
C+ (Sera pool with positive IgE to Ascaris); C- (Sera pool with negative IgE to Ascaris); PBS buffer control.  
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4 
 

Figure S2 SDS-PAGE of rAsc l 5  
 

 
 
 
 
Supplementary Figure 2. SDS-PAGE. Same samples from CD experiments were used for in lanes 1, 3 and 
6. EDTA was added to the preparations as a control (lanes 2, 4 and 5). Concentrations were as follow: 100 
µg/mL rAsc l 5, 74 mM CaCl2, 221 mM MgCl2, or 250 mM EDTA as needed. 1) rAsc l 5 + CaCl2; 2) rAsc l 5 + 
CaCl2 + EDTA; 3) rAsc l 5 + MgCl2; 4) rAsc l 5 + MgCl2 + EDTA; 5) rAsc l 5 + EDTA; 6) rAsc l 5 alone. Sample 
volume 12 µL.  
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5 
 

Figure S3 Calcium and magnesium binding sites in Asc l 5 
 
A 

 
 
B 
 
 
 

 
 

 
C 
   

 
 
Supplementary Figure 3. Predicted binding sites in Asc l 5. S1A: In mature sequence of Asc l 5 (MN275230) 
Asp and Glu residues are in red. Predicted calcium or magnesium binding residues are numbered from 26 
to 88. S1B: List of residues predicted to bind calcium or magnesium. S1C: Asc l 5 model with calcium (blue) 
and magnesium (magenta) ions.  

 
 
 

 
QTPSRVPPFLVGAPESAVKDFFELIKKDEEKTDPEIEADIDAFVAKLGA  49 
 
 
 
 
DYTNKFIAFKAELKAHEAEYEKAHAAAIAKFSPAAKEADAKLTAIAEDA  98 
 
 
 
 
KLNGIQKRQKIKETMESLPKEVRDELEKAIAGGA  132 
 

 

SXP motif 1 

SXP motif 2 

26 29 33 37 

66 70 73 88 

Predicted divalent cation binding sites in Asc l 5 

Ca2+ binding residues 1) 26K, 29E  
2) 33D, 37E  
3) 66E, 70E 

Mg2+ binding residues 4) 70E, 73H, 88D 
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Chapter 4: Study III. Comparison of antibody responses 
induced by two molecules from Ascaris lumbricoides 
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Abstract 

 

Ascariasis is a neglected tropical disease. IgE responses to Ascaris influence 

allergic diseases. However, more investigation about specific targets of these antibodies 

and the concurrent IgG4 and IgG responses will hopefully help to clarify the nature of 

the host-parasite interaction. We aimed to describe the IgE, IgG4 and IgG antibody 

responses to two Ascaris lumbricoides molecules, rAsc l 5 and rAl-CPI, in a population 

in which ascariasis is endemic and correlate those antibody responses with some 

parasitological variables. For this purpose, the Ascaris molecules were produced as 

recombinant proteins in E. coli and extensively characterized. Thermostability of rAl-

CPI and rAsc l 5 was evaluated by circular dichroism (CD). Since there was no previous 

data about identification of natural Al-CPI (nAl-CPI) from the natural source, mass 

spectrometry (MS) was used for the detection of nAl-CPI protein in the A. lumbricoides 

extract. Prevalence and intensity of the infection was determined by Kato-Katz method. 

Enzyme-linked immunosorbent assay (ELISA) was used to determine titers of 

antibodies. rAl-CPI induced less IgE antibody responses than rAsc l 5 and more IgG4 

and IgG antibody titers as evaluated in humans. IgG antibody responses to both 

molecules positively correlated with A. lumbricoides egg counts. A mouse model of 

immunization was developed to compare specific antibody responses induced by each 

antigen. In mice, rAl-CPI induced less IgE responses but more IgG2a antibody titers than 

rAsc l 5. In conclusion, our data demonstrated that rAl-CPI and rAsc l 5 display different 

antibody-binding profiles. In addition, IgG responses to rAl-CPI and rAsc l 5 deserve 

more attention given that they seem to be related to the intensity of the infection. The 

relationship between the antibody profiles described here and the allergenic properties 

of both molecules should be addressed in future studies. For better understanding of 

the immune responses triggered by helminth parasites, wider set of purified A. 

lumbricoides molecules may be used in global antibody-profiling studies 

 

  

Keywords: Ascaris, IgE, IgG4, IgG, recombinant protein   
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Introduction  

  

Ascaris lumbricoides is a soil transmitted helminth and one of the most prevalent 

parasites infecting humans (1). Its success infecting susceptible people may be 

explained by its ability to cause immunosuppression of host immune 

responses (reviewed in: (2)). In addition, is important to mention some determinants 

of infection such as environmental favorable conditions for the parasite’s life cycle 

offered by some regions of the world, predisposing living conditions of potential host 

such as the lack of adequate disposal of fecal residues that generates contamination of 

the environment and deficient sanitation or poor hygiene practices (3-7). Those factors, 

and other less studied such as genetic susceptibility to the infection, may allow 

ascariasis persist as an endemic disease in some places or the world.   

  It has been suggested that in certain populations, in which helminth infections 

are prevalent, positive skin prick test to environmental allergens are reduced (8, 9). In 

this regard, IL-10 production could explain the low prevalence of positive skin tests 

among infected individuals (10). Furthermore, Ascaris has molecules such as cystatin, 

that belongs to the family of cysteine protease inhibitors (CPIs) (11-14). Members of 

this family are able to interfering with antigen processing via MHC class II molecules 

(15-19). It has been shown that Ascaris lumbricoides CPI (Al-CPI, or cystatin) 

ameliorates symptoms of inflammation in a mouse model of dextran sodium sulphate 

(DSS)-induced colitis and in a mouse model of allergic airway inflammation (11, 12). 

Therefore, Al-CPI has the potential to be exploited for therapeutic purposes as an anti-

inflammatory candidate (20). However, it is well known that helminths such as Ascaris 

lumbricoides, induce IgE responses (21, 22), that leads to type I hypersensitivity 

reactions (23, 24).  These apparent opposite effects of helminth infections may be 

addressed by studying individual purified molecules, analyzing their biochemical 

characteristics and immunological properties (11, 12, 24).  

Asc l 5 is the 4th allergen identified in Ascaris. It is a member of the SXP/RAL-2 

protein family, which includes proteins from various nematode species.  The SXP/RAL-

2 family appears to be restricted to nematodes  (25). 
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  Antibody responses induced by purified Ascaris molecules have been little 

studied, especially their immunoglobulin G antibody activity in all subclasses. Most 

studies have been focused on IgE responses (21, 23, 26-29), but not on specific IgG4 or 

IgG responses to purified parasite-derived components (30-32).  

In this work we expressed two recombinant Ascaris lumbricoides antigens in E. 

coli: the allergen Asc l 5 and the cysteine protease inhibitor Al-CPI. To confirm Al-CPI 

sequence, the corresponding natural protein was identified in A. lumbricoides extract 

by mass spectrometry (MS). Secondary structural elements, thermostability and 

denaturation temperature (Tm) of rAl-CPI and rAsc l 5 were determined by circular 

dichroism (CD). These well-characterized antigens were used to analyze the antibody 

responses in a population from the Caribbean coast of Colombia, where ascariasis is 

endemic (27). In addition, a mouse model of immunization with the recombinant 

proteins was established to compare specific antibody responses induced by both 

antigens.  
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Results 

 

Physicochemical characterization  

 

Natural Al-CPI (nAl-CPI) in the A. lumbricoides extract detected by mass spectrometry 

 

Prior to CD analysis of the recombinant proteins, we confirmed the amino acid 

sequence of natural Al-CPI (nAl-CPI). A. lumbricoides extract was digested with trypsin 

and resulting peptides were sequenced by mass spectrometry (Figure 1). High 

sequence coverage (85.7%) of the mature protein (Al-CPI GenBank accession number: 

HQ404231.1) was obtained. In Figure 1 the amino acid sequence of nAl-CPI is shown. 

Blue lines indicate peptides identified by tandem mass spectrometry (MS/MS) 

sequencing. Here we identified nAl-CPI only, since natural Asc l 5 was detected in a 

previous study (24) (See Chapter 3).  

 

 

Figure 1. Mass spectrometric analysis of peptide coverage of natural Al-CPI. Blue lines 

indicate peptides identified by tandem mass spectrometry (MS/MS) from the A. 

lumbricoides extract matching mature sequence of Al-CPI. The amino acid sequence of 

Al-CPI (HQ404231.1) is shown. Amino acids from 1 to 20 correspond to the signal 

peptide. Mature Al-CPI starts in amino acid number 21.  

 

 

A

21
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Recombinant Al-CPI (rAl-CPI) is thermostable and recombinant Asc l 5 (rAsc l 5) is a 

thermolabile protein  

 

CD spectra of rAl-CPI at 20°C and 95°C were similar (Figure 2A), which is 

consistent with the thermal stability of this protein. Al-CPI sequence contains 4 cysteine 

residues (C) (Figure 1). They form two disulfide bridges, as evident in the published 

crystal structure of Al-CPI (PDB entry 4IT7) obtained by X-ray diffraction (13). This 

might explain the resistance to heat-induce denaturation detected in our recombinant 

Al-CPI.  

rAsc l 5 was denatured by heating (Figure 2B). The denaturation temperature 

was determined (Tm = 58.2 ± 0.37 °C). In contrast to Al-CPI, the sequence of Asc l 5 

(GenBank accession number MN275230) does not contain cysteines, and in 

consequence the protein is not stabilized by disulfide bridges.   

 

 

Figure 2. Circular dichroism spectra of rAl-CPI and rAsc l 5. (A) rAl-CPI at concentration 

of 100 µg/mL as detected at 20 and 95 °C. (B) rAsc l 5 at concentration of 100 µg/mL as 

detected at 20 and 95 °C.                         
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Serological analysis 

 

rAl-CPI induces lower IgE responses than rAsc l 5 and higher IgG2a antibody titers in 

BALB/c immunized mice 

 

Mouse IgE antibodies were determined as established before (24) (See Chapter 

3). IgG2a and IgG1 antibodies were determined by titration (the final protocols are 

bellow in the method section). OVA was used as a positive control and induced the 

strongest IgE responses compared with rAsc l 5 and rAl-CPI (Figure 3A). rAl-CPI 

induced lower titers of IgE than rAsc l 5 (Figure 3A). rAsc l 5 induced the highest titers 

of IgG1 antibodies (Figure 3B). However, rAl-CPI induced the highest levels of IgG2a 

antibodies (Figure 3C). Antibody responses including IgE, IgG2a and IgG1 induced by 

rAsc l 5 and rAl-CPI were significantly higher compared with the control group treated 

with PBS (Figure 3A, B and C).  

 

Figure 3. Analysis of antibody responses in BALB/c mice. (A) Strength of the IgE (B) 

IgG1 and (C) IgG2a reactivity to OVA, rAsc l 5 and Al-CPI. Mean ± standard error of the 

mean (SEM) of OD values are shown. Comparison between groups was done by one-

way analysis of variance (ANOVA) and Dunnett’s multiple comparison test: ** p < 0.05, 

*** p < 0.001, (ns) no significance for p > 0.05. OD: Optical density units as detected by 

ELISA. OVA (Ovalbumin).  

A B C
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rAl-CPI has a lower IgE binding activity than rAsc l 5 but shows higher IgG and IgG4 

antibody responses in humans 

 

  IgE antibodies were determined by ELISA as described before in Chapter 3 (24). 

IgG ELISA was developed based in a previous protocol (31) but with some 

modifications. Since specific IgG4 and IgG to rAsc l 5 and rAl-CPI were measured for the 

first time, ELISA was developed by titration of sera and conjugates (see methods for 

details).  

The nematode infection marker ABA-1 (21, 33) was used as a comparative 

Ascaris antigen/allergen. IgE responses to rAsc l 5 were higher compared to ABA-1 and 

Al-CPI (Figure 4A). In Figure 4B is shown the comparison between antibody responses 

to Al-CPI and Asc l 5 only. Anti-rAl-CPI IgE responses were lower than anti-rAsc l 5 IgE 

titers, however IgG4 and IgG levels to rAl-CPI were higher compared with those to rAsc 

l 5. The frequency of positive IgE response to rAsc l 5 was 52.2% vs 41.0% for Al-CPI, 

as determined from the total sample size used for serological evaluation (n=293, data 

presented in the last column of Table 1). Frequencies of positive IgG4 and IgG antibody 

responses to rAsc l 5 and rAl-CPI are shown in Table 1 as well, according to the 

asthmatic or non-asthmatic status and summarizing results for the total sample. Total 

frequency of IgG4 to rAl-CPI is almost the double than the IgE (80.9 vs 41.0%). However, 

frequencies of IgG4 and IgE to rAsc l 5 have a less skewed distribution (68.6 vs 52.2%).  
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Figure 4. Analysis of antibody responses in humans. (A) Specific IgE levels to rABA-1, 

rAl-CPI and rAsc l 5. Each dot indicates an individual serum sample. Geometric mean 

and 95% confidence interval (CI) are shown. p values were calculated using Kruskal-

Wallis test; (n=285). (B) Bar graphs showing geometric mean of IgE, IgG4 and IgG levels 

to rAl-CPI and rAsc l 5. Error bars indicate 95% CI of the geometric mean. p values were 

calculated using the Mann–Whitney U-test; (n=293). OD: Optical density units as 

detected by ELISA.  
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Table 1. Serological variables.   

 

1 Antibody responses to Non-
asthmatics  
(n, %) 

Asthmatics  
 
(n, %) 

2 p value  Total sample size 
 
(n, %) 

  
n=246 

 
n=47  

  
(n=293) 

Asc l 5 (cut-off)      
      Positive IgE (0.145) 125 (50.8%) 28 (59.6%) 0.271 153 (52.2%) 

      Positive IgG4 (0.170) 165 (67.1%) 36 (76.6%) 0.197 201 (68.6%) 

      Positive IgG (0.330) 173 (70.3%) 33 (70.2%) 0.988 206 (70.3%) 
Al-CPI (cut-off)     
      Positive IgE (0.141) 97 (39.4%) 23 (48.9%) 0.225 120 (41.0%) 

      Positive IgG4 (0.170) 200 (81.3%) 37 (78.7%) 0.681 237 (80.9%) 

      Positive IgG (0.316) 184 (74.8%) 38 (80.9%) 0.375 222 (75.8%) 

 
 

1 Antibody responses equal or greater than the cut-off were considered positive. The 
cut-offs are indicated in the column.    
2 p values were determined by Pearson chi-square test. 

 
 

 

IgE levels to Ascaris are higher in subjects with positive IgE, IgG4 and IgG antibody 

responses to rAsc l 5 

 

The relationship between anti-Ascaris IgE and either rAsc l 5- or rAl-CPI-specific 

IgE, IgG and IgG4 antibody responses was evaluated by grouping individuals into four 

categories for combinations of IgE and IgG (according to if antibody response was equal 

or above the cut-off, it has the sign positive (+), or below the cut-off negative (-). The 

four categories were established as follow: Category #1: IgE+ IgG+; Category #2: IgE+ 

IgG-; Category #3: IgE- IgG+; Category #4: IgE- IgG-. Four categories were established 

for IgE and IgG4 combinations as well: Category #1: IgE+ IgG4+; Category #2: IgE+ 

IgG4-; Category #3: IgE- IgG4+; Category #4: IgE- IgG4- (Figure 5A and B, C and D). IgE 

levels to Ascaris were significantly higher in individuals with  
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Figure 5. Description of the individual IgE responses to Ascaris spp. in the study population 

(n=293) partitioned in four categories for the combinations of IgE and IgG responses to rAsc l 

5 (A) or rAl-CPI (C); IgE and IgG4 responses to rAsc l 5 (B) or rAl-CPI (D), according to positive 

(+) or negative (-) antibody responses (cut-off values were described in Table 1). Median with 

interquartile range is shown. p values were calculated using Kruskal-Wallis test.  

B

A C

D

Ig
E+I

gG
+

Ig
E
+Ig

G
-

Ig
E
-Ig

G
+

Ig
E
-Ig

G
-

0.0

0.5

1.0

1.5

2.0

20

40

60

80

0.1452

CPI

A
s

c
a

ri
s

 I
g

E
 (
k

U
/l
)

Ig
E
+I

gG
4+

Ig
E
+Ig

G
4-

Ig
E
-Ig

G
4+

Ig
E
-Ig

G
4-

0.0

0.5

1.0

1.5

2.0

20

40

60

80

0.2792

CPI

A
s

c
a

ri
s

 I
g

E
 (
k

U
/l)

Ig
E
+I

gG
+

Ig
E
+Ig

G
-

Ig
E
-Ig

G
+

Ig
E
-Ig

G
-

0.0

0.5

1.0

1.5

2.0

20

40

60

80

0.0036

Asc l 5

A
s

c
a

ri
s

 Ig
E

 (
k

U
/l
)

Ig
E
+I

gG
4+

Ig
E
+Ig

G
4-

Ig
E
-Ig

G
4+

Ig
E
-Ig

G
4-

0.0

0.5

1.0

1.5

2.0

20

40

60

80

0.0177

Asc l 5

A
s

c
a

ri
s

 I
g

E
 (
k

U
/l)

rAsc l 5 rAl-CPI

rAsc l 5 rAl-CPI

83



 

positive IgE and IgG, or IgE and IgG4 responses to rAsc l 5 (Figure 5A and B). There 

were no significant differences regarding the four categories established for antibody 

responses to rAl-CPI in regard to anti-Ascaris IgE (Figure 5C and D).  

 

Anti-Ascaris IgE levels do not correlate with fecal egg counts  

 

Ascaris IgE levels do not correlate with fecal egg counts (Spearman rho: 0.01,    p 

= 0.778: Figure 6). Some individuals with positive egg counts do not produce anti-

Ascaris IgE at all (Figure 6), and some other individuals produce only low titers of 

specific IgE that are below of the ImmunoCAP sensitization cut-off (0.35 kUA/L). 

 

 
 

Figure 6. Relationship between IgE responses to Ascaris spp. and egg counts. IgE levels 

to Ascaris spp. are in kUA/L (from 0 to 80 kUA/L). The dotted horizontal line represents 

the ImmunoCAP cut-off. Individuals with negative IgE to Ascaris are shown below the 

cut-off. Egg counts are distributed from 0 until a maximum of 50000 eggs per gram of 

faeces. The result of Spearman correlation between IgE to Ascaris spp. and egg counts is 

shown in the figure, as well as, the sample size (n).   

 

0
50

0
10

00
15

00
20

00
25

00
30

00
35

00
40

00
45

00
50

00
0.0

0.1

0.2

0.3

10

20

30

40

50

60

70

80

10
00

0

20
00

0

30
00

0

40
00

0

50
00

0

0.35 kU/L

Eggs per gram of faeces

Ig
E

 t
o

 A
s

c
a

ri
s

 s
p

p
. k

U
A

/L
 (
b

y
 Im

m
u

n
o

C
A

P
)

Spearman rho:0,01
P=0,778; n=290

84



 

IgG responses to rAsc l 5 or rAl-CPI are positively correlated with Ascaris lumbricoides egg 

counts 

 

Ascaris egg counts correlated with IgG responses to rAsc l 5 or rAl-CPI 

(Spearman rho: 0.14, p = 0.017 and Spearman rho: 0.12, p = 0.038 respectively: Figure 

7A and D). We also analyzed the relationship between specific IgE or IgG4 antibody 

responses to both antigens and egg counts finding no correlation (Figure 7B, C, E and 

F).  

 

Discussion   

 

Helminth infections are recognized modifiers of inflammatory and allergic 

responses. Ascaris lumbricoides is a source of immunomodulatory molecules and also 

of allergens (11, 12, 23, 24, 29, 33). Previous results indicate that Al-CPI, the Ascaris 

lumbricoides cystatin, has anti-inflammatory properties with therapeutic potential as 

evaluated in a mouse model of dextran sodium sulfate (DSS)-induced colitis and in a 

model of allergic airway inflammation induced by the house dust mite (HDM) Blomia 

tropicalis (11, 12). On the other hand, Asc l 5 is the fourth Ascaris allergen that we has 

recently registered at the WHO/IUIS allergen nomenclature sub-committee (24).  
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Figure 7. Correlation between Ascaris lumbricoides egg counts and antibody responses 

in humans. Correlation with specific IgG to Asc l 5 (A), or Al-CPI (D); IgG4 to Asc l 5 (B), 

or Al-CPI (E); and IgE to Asc l 5 (C), or Al-CPI (F). Each dot represents an individual 

serum value. OD: Optical density units as detected by ELISA. eggs/g: Eggs per gram of 

faeces 
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Previously, we used two different approaches for screening of an A. lumbricoides 

cDNA library that consisted in using polymerase chain reaction specific primers to 

identify Al-CPI (12) and anti-Ascaris IgE-containing human sera as probes to identify 

IgE-reactive antigens (whereby the allergen Asc l 5 was discovered) (24). Here, we 

produced Al-CPI and Asc l 5 as recombinant proteins, characterized those proteins 

physicochemically and analyzed their antibody binding activities in an Ascaris-exposed 

population (27) and in immunized mice.  

rAl-CPI has a protease inhibition activity on cathepsin B and papain (12), a 

feature also described for other cystatins from helminths (15-19). Human cathepsins 

are involved in antigen processing for MHC class II presentation pathway. In regard to 

rAsc l 5, its biochemical properties have been broadly characterized, although 

thermostability was not previously analyzed (24). Here, our results showed that rAl-

CPI and rAsc l 5 exhibit different thermal stabilities as detected by CD. rAl-CPI is a 

thermostable protein as other members of the CPI protein family of nematodes 

(including its homologue from Anisakis simplex, Ani s 4) (34).  In contrast to the high 

thermostability of rAl-CPI, the heat-treated recombinant Asc l 5 denatured at 58.2 ± 

0.37 °C. The evaluation of thermal stability of rAsc l 5 and rAl-CPI provides more 

information on the characteristics of these proteins. Thermostability is a parameter 

well appreciated in food allergy and broadly studied in Anisakis simplex allergens. For 

example, the allergen Ani s 4 even resists autoclave treatment (at 121 °C) used in 

thermal industrial steps of fish processing, retaining its IgE-binding properties and 

allergic activity (34). On the other hand, in SXP/RAL-2 protein family no other member 

different than rAsc l 5 have data about thermal stability determined by CD neither the 

constant of denaturation temperature (tm).  

To the best of our knowledge, this study is the first to report on the MS-based 

sequencing of the natural Al-CPI protein in the A. lumbricoides extract. High coverage of 

the mature sequence was detected. Since other CPIs from nematodes have been 

described as secreted proteins, our results show that Al-CPI is present in the somatic 

extract of the parasite. Ani s 4, the Anisakis simplex cystatin, is produced in the secretory 

gland and the cuticle basal layer of the larval state L3. Ani s 4 activates basophils (35) 

and up to now, it is the only allergen found in helminth-derived CPIs (Allfam 005); the 
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others CPIs from helminths studied so far (as for example, Ov17, Av17, Bm-CPI-2, 

NbCys and Cys-1), are well recognized as immunomodulatory molecules (15-19). 

Although, morphological and histological analysis were not the aim of this work we are 

aware that future studies could be focused on the localization of the natural protein in 

the parasite´s biological compartments.  

Asc l 5 is a member of SXP/RAL-2 protein family (24). This family is restricted to 

nematodes as detected by homology searches by protein Blast (24, 25), and preliminary 

results support that Asc l 5 is a specific component of A. lumbricoides (it has not been 

detected by WB and MS in HDM extracts of B. tropicalis and Dermatophagoides 

pteronyssinus) (36). Considering that Asc l 5 shares 99% of sequence identity with the 

vaccine candidate As-16 (its homologue from Ascaris suum) and since the nematode 

parasite of pigs A. suum is closely related to its human counterpart A. lumbricoides; it 

may be expected that localization in the parasite could be shared by both proteins as 

well. As-16 has been found in excretion/secretion products from all A. suum life stages 

and at the hypodermis, in the cuticle and in the intestine epithelium (37). Additionally, 

it has been suggested that, when As-16 is used as a vaccine candidate prevents 

migration of larvae to the lungs by inducing IgG and IgA antibodies, related to protective 

immune responses locally and systemically when the protein is used in formulations 

that contain adjuvants (as for example cholera toxin and Montanide ISA720) (37-40). 

The evaluation of IgE binding properties of antigens is of interest because it may 

prevent unwanted allergic reactions induced by parasite-derived products intended for 

therapeutical or prophylactic purposes, as for example promissory anti-inflammatory 

molecules (11, 12) or for vaccine candidates (40, 41). Additionally, since IgG and IgG4 

responses are little studied in the field of naturally Ascaris-exposed populations, this 

topic was of great interest for us.  

In the field of basic allergology, it is unknown if human IgG antibodies 

(particularly IgG4 and IgG1) are involved in underlying control mechanisms that have 

been proposed in allergic responses to explain why in subjects sensitized to allergens 

(i.e., with positive IgE antibodies) only a minority are symptomatic (42). Some studies 

have analyzed the effect of naturally occurring IgG and IgG4 responses as a control 

mechanism on allergic manifestations and in follow-up studies of allergen specific 
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immunotherapy (42-45). Another key point could come from analyzing data by ratios 

of IgG/IgE or IgG4/IgE antibodies (ratios greater than 1 means that a higher proportion 

of IgG or IgG4 responses are produce) (42). Interestingly, a study undertaken by Santos 

et al., found that mast cells treated with sera containing IgG4 antibodies of tolerant 

peanut-sensitized individuals avoids activation induced by IgE from peanut allergic 

patients (46). However, another study has found no association between IgG isotypes 

and any proxy of control mechanisms of allergic diseases such as lower degranulation 

activity of effector cells (as evaluated using rat basophil leukemia (RBL) assay) (47). 

Since controversial results are manifested and IgG produced by naturally exposed 

populations to purified components of nematode parasites are scarce (30-32), we 

intended to better understand the patterns of IgG, IgG4 and IgE antibody responses to 

Ascaris lumbricoides purified molecules (11, 12, 24). Here, we found that in individuals 

exposed to A. lumbricoides, Al-CPI induces lower IgE responses than Asc l 5, conversely 

Al-CPI induces higher IgG4 and IgG antibody levels than Asc l 5.  Interestingly, in mice 

rAl-CPI induced higher titers of IgG2a antibodies and lower titers of IgE. For now, we 

found that in addition to rAl-CPI anti-inflammatory properties previously described 

(11, 12), the allergenicity (i.e., the property of inducing and binding IgE antibodies) of 

this protein seem to be lower when compared to Asc l 5. Since, allergenicity is a key part 

of allergenic activity (48), this finding deserves more attention for future studies. 

Additionally, so far Al-CPI has not been able to activate basophils or induce histamine 

release as evaluated from in vitro assays using human blood samples (49). Additionally, 

for rAl-CPI the frequency of IgG4 seropositivity is almost the double than the IgE (Table 

1). However, the frequencies of IgG4 and IgE for rAsc l 5 are less biased.   

There are complex interactions between the host and the parasite. Allergy and 

helminth infections share the mechanisms of Th2 responses and both induce antibody 

class-switching to produce IgE. However, helminths are able to modulate inflammatory 

Th2 responses through regulatory cytokines (i.e., IL-10 and TGF-β) leading to the 

production of IgG4 antibodies. Then, IgE responses are expected to be induced during 

helminth infections and IgG4 antibodies are thought to be raised in a regulatory 

environment induced by the parasite (2). How those mechanisms operate to move the 

balance in favor of or against of the production of one or another isotype is unknown. 
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It has not been studied if purified Ascaris lumbricoides molecules can induce different 

antibody responses (as for example IgE versus IgG4). In this regard, we aimed to study 

the antibody responses induced by the aforementioned Ascaris lumbricoides molecules 

in a population where ascariasis is endemic. It has been shown that the production of 

IgG4 by B cells depends on IL-10 and TGF-β (50). The strong correlation between IgG4 

levels and lack of response suggests a link between T cell anergy and the 

immunoregulatory environment observed in helminth infections (51). It remains to be 

analyzed whether IgG4 is a biomarker of the regulatory responses induced during the 

infection. Since rAl-CPI induces the production of IL-10 and TGF-β as described in a 

previous study (12), it may explain its ability to change the antibody profile induce by 

the house dust mite B. tropicalis in a murine model of airway inflammation (stimulating 

more production of IgG2a and diminishing IgE responses when rAl-CPI is used as a 

prophylactic treatment prior to B. tropicalis sensitization) (11). Further studies might 

compare the cytokine profile induced by allergenic and non-allergenic Ascaris 

molecules, which could help to explain if the antibody pattern (from both humans and 

mice) is related to the cytokine profile. Further experimental and epidemiological data 

would help to clarify if IgG4 or other IgG subclass (in our design, we evaluated specific 

IgG antibodies that may represent to the most abundant IgG subclass, the IgG1) are 

involved in a possible control mechanism of allergic responses (42), as for example the 

raising of specific IgG-blocking antibodies (52, 53), or if on the contrary the IgG and 

IgG4 antibody patterns are the result of a natural response against the infection without 

blocking activity (54). Blocking activity of IgG antibodies has been demonstrated in 

vitro from studies focused on allergen-specific immunotherapy (52, 53, 55), but for 

ascariasis, the study of this mechanism remains as an open issue. The blocking activity 

is the ability of IgG to inhibit IgE during allergen recognition. Since IgG bocking activity 

depends on the competition with IgE for same or similar epitopes, it may be useful to 

identify targeted-epitopes by IgG and IgE antibodies. New information to make the 

puzzle will be relevant in basic and therapeutic setting to clarify regulatory networks 

induced by helminths and its relation with allergic symptoms. Furthermore, the 

comparison of cytokine profiles induced by Al-CPI and Asc l 5 may add valuable 

information about this topic.   
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Data from separate studies show that in the study population evaluated in this 

work (Santa Catalina), ascariasis prevalence has been maintained between 56 and 

62.5% in the course of 10 years, as evaluated from two separate studies; sample 

collection in 2004 and 2014 respectively (27, 56). This implies that reinfection cycles 

occur in the same population leading to an endemic status of ascariasis. High exposure 

to Ascaris (and other helminths) lead to immunological responses against the infection. 

In this scenario, serological diagnosis of active infection is implausible but antibody 

responses could have a relationship with the load of infection. Here, we found that 

specific IgG antibodies but not IgE or IgG4 are correlated with the infection burden as 

detected by fecal egg counts. The high prevalence of IgG seropositivity to rAsc l 5 or rAl-

CPI is in concordance with the high prevalence of active ascariasis in the population 

(62.5%) (27) and keeping in mind that some infected individuals with positive egg 

counts have negative response as detected by quantification of Anti-Ascaris IgE (Figure 

6), purified molecules may increase the detection of an immune response induce by 

ascariasis, as well as the study of all IgG subclasses may be addressed in future studies 

for the evaluation of a complete set of recombinant Ascaris components in the same 

population.  

Some studies have described that there is an association between the levels of 

IgE antibodies and the development of resistance to some parasites. McSharry, C., et al., 

found that in areas endemic for ascariasis, people who produce significantly more IgE 

antibodies to ABA-1 have a lower burden of adult parasites than those who produce 

low levels. This suggests that resistance to Ascaris is associated with IgE antibodies to 

ABA-1 (32). ABA-1 is perhaps the best characterized allergenic protein in nematodes 

(57-59), present in both Ascaris lumbricoides and Ascaris suum. Although, the purpose 

of this study was not the evaluation of resistance against ascariasis, in our results, we 

did not find a negative correlation between egg counts and the antibody responses 

evaluated here. We are aware that the measurement of the burden of an infection with 

egg counts does not take into account infection with only male parasites or stages 

different than adult females, however, fecal eggs counts were performed by duplicates, 

which enhances the sensibility of detecting the infection. Considering that no helminth 

CPIs have been found as promissory vaccine candidates intended for infection 
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prevention (15) and that the Asc l 5’ homologue, As-16 when used without adjuvants 

does not induce protection against the zoonotic parasite A. suum (40), our data add new 

information at population level that IgE, IgG4 or IgG responses to these antigens are not 

inversely related to Ascaris lumbricoides egg load. Conversely, specific IgG responses 

against both rAsc l 5 and rAl-CPI were positively associated with higher eggs counts. 

Even though, the aim of this study was not focused on serodiagnosis, based on our 

results, the relationship between IgG responses and parasite burden may be further 

studied, as detecting expulsed adult parasites instead egg counts (that may give a closer 

picture of the parasite load) (32). Additionally, upcoming studies may be focused on 

continue analyzing the usefulness of Asc l 5 as a specific marker of infection since a key 

feature draw our attention, which is the fact that Asc l 5 seems to be restricted to 

nematodes and preliminary results showed that there is not any Asc l 5 similar protein 

in HDM extracts of B. tropicalis or D. pteronyssinus as detected by WB using polyclonal 

antibodies raised in mice immunized with rAsc l 5 and neither any similar protein to 

Asc l 5 as detected by MS sequencing (36). Based on our previous results it is very likely 

that Asc l 5 represents a new nematode specific component, which in addition to ABA-

1 may be used as a marker for ascariasis (24, 36).  

In summary, helminth-derived components have different effects on allergic 

inflammation; some of them have anti-inflammatory properties and others induce 

allergic manifestations (11, 12, 21, 23, 24, 29, 33). The effort on the characterization of 

A. lumbricoides molecules will give additional insights on why different purified 

components from the parasite give rise to a heterogeneous profile of humoral 

responses. In this respect, determination of cytokine profiles may also be of high 

interest. Our findings strongly suggests that the immunomodulatory protein Al-CPI 

displays, a lower allergenicity than the allergen Asc l 5, as judged by the lower levels of 

Al-CPI-specific IgE and higher titers of specific IgG and IgG4 antibodies. The 

implications of these results on the evaluation of allergenic activity in humans (i.e., 

evaluation of IgE-mediated effector responses) may be matter of further investigations. 

Only IgG antibody responses to Asc l 5 and Al-CPI seems to be related to Ascaris 

infection burden and could possibly serve as a marker of ascariasis. In helminth 

infections the balance between immunomodulation and allergic reactions is complex. 
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Our results provide guidance for future research directions aiming to dissect factors 

involved in allergic and immunomodulatory responses to parasitic antigens.   

 

 

Methods 

 

Isolation of Al-CPI and Asc l 5 from the A. lumbricoides cDNA library 

 

Al-CPI and Asc l 5 were isolated from the Ascaris lumbricoides cDNA library as 

described before (12, 24) by using two different screening methods. Asc l 5 was 

obtained after IgE immunoscreening of the cDNA library with a serum pool collected 

from Ascaris-infected children (24). Al-CPI was amplified by polymerase chain reaction 

(PCR) using sequence specific probes, whose design was based on the published Ascaris 

cystatin sequence from GenBank (accession number HQ404231.1) (12). 

 

Production of recombinant proteins 

 

rAsc l 5 (GenBank Accession Number MN275230;) was cloned into pET-45b+ 

(GenScript) vector and expressed as 6xHis-tagged protein in E. coli Origami (DE3). Al-

CPI (GenBank Accession Number HQ404231.1) was cloned into pQE30E vector and 

expressed as an 6xHis-tagged protein in E. coli SG13009. The E. coli cultures were 

grown in Luria–Bertani medium under conditions described previously (12, 24). For 

purification of rAsc l 5, E. coli cultures were centrifuged (30 min, 3500 rpm, 4 ◦C). 

Induced cultures were re-suspended in native buffer (50 mM NaH2PO4, 300 mM NaCl), 

incubated with lysozyme (1 mg/mL, 30 min on ice) and sonicated. Lysates were 

incubated with Nickel-Nitrilotriacetic Acid (Ni-NTA) resin (Invitrogen) for one hour, 

washed with native buffer plus 20 mM imidazole, and eluted with native buffer plus 

250 mM imidazole as a 6xHis-tagged protein (24). For purification of rAl-CPI, the cells 

were resuspended in 50 mM Tris-HCl and 30 mM NaCl pH 7.8 and lysed with an 

ultrasonic dismembrator FB 705 (Fisher Scientific, Pittsburgh PA, USA). The pellet was 
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resuspended in 40 mM Tris-HCl/0.2% NLS (N-lauroylsarcosine, Sigma) pH 8.020 and 

left to stir for 24 hours at 20°C and then centrifuged at 5000 g for 30 minutes, and the 

supernatant was loaded onto a nickel-nitrilotriacetic acid (Ni-NTA) column (Qiagen). 

The column was washed with 10 volumes of 20 mM Tris-HCl, 200 mM NaCl and 50 mM 

imidazole pH 8.0. rAl-CPI was then eluted with 20 mM Tris-HCl, 200 mM NaCl and 250 

mM imidazole pH 8.0 (12). The purified recombinants were directly subjected to SDS-

PAGE analysis. 

 

Peptide Analysis by Nano-Liquid Chromatography–Tandem Mass Spectrometry (LC-

MS/MS)  

 

5 µL of A. lumbricoides extract (1000 µg/mL) were digested with the 

ProteoExtract All-in-One Trypsin Digestion Kit (EMD Millipore, Billerica, MA, USA) and 

desalted using C18ZipTips (EMD Millipore, Billerica, MA, USA). Resulting peptides were 

separated by reverse-phase nano-high performance liquid chromatography (HPLC, 

Dionex Ultimate 3000, Thermo Fisher Scientific, Bremen, Germany, column: PepSwift 

Monolithic Nano Column, 100 µM × 25 cm, Dionex). The column was developed with an 

acetonitrile gradient (Solvent A: 0.1% (v/v) FA/0.01% (v/v) TFA/5% (v/v) ACN; 

solvent B: 0.1% (v/v) FA/0.01% (v/v) TFA/90% (v/v) ACN; 5–45% B in 60 min) at a 

flow rate of 1 µL/min at 55 ◦C). The HPLC was directly coupled via nano electrospray 

to a Q Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific). Capillary 

voltage was 2 kV. For peptide assignment, a top 12 MS/MS method was used with the 

normalized fragmentation energy set to 27%. The protein was identified with PEAKS 

Studio 8 (Bioinformatics Solutions, Waterloo, Canada), using the UniProt 

(SwissProt/TrEMBL) sequence database. Only peptides with high confidence scores 

(−10lgp ≥ 35, corresponding to false discovery rate (FDR) < 0.5%) were considered in 

the database searches (24). 
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Circular Dichroism (CD) Spectroscopy 

 

CD spectra were recorded using a JASCO J-815 spectropolarimeter fitted with a 

PTC-423S Peltier type single position cell holder (Jasco, Tokyo, Japan), in 10 mM 

K2HPO4/KH2PO4. Samples were measured from 190–260 nm (CD far –UV spectrum) at 

resolution of 1 nm with 1 nm bandwidth and a scanning speed of 1 nm/s. Five spectra 

were averaged and background of the buffer solution was subtracted. Data were 

presented as mean residue molar ellipticity. Recombinants (concentration of 100 

µg/mL) were evaluated at 20 and 95°C respectively. For calculation of denaturation 

temperature (Tm), the protein samples were subjected to gradual increases in the 

temperature from 20 to 95°C. CD thermal denaturation curves were established. The 

thermal denaturation of the proteins was evaluated from 20 to 95°C at 222 nm 

wavelength and temperature ramp rate of 1°C/min (60). Excitation wavelength was 

280 nm. The mean residue ellipticities (θ) were calculated as described previously (61, 

62). 

 

Serum samples and stool examination by Kato-Katz 

 

Seropositivity to Ascaris lumbricoides antigens was estimated in a rural 

population from the northern coast of Colombia (Santa Catalina, Bolívar) (24, 27), 

ascariasis is a prevalent infection in that town. Most of the participants included in this 

study (N = 298, aged 1 to 88 years) had available serum samples for ELISA and data for 

parasitological variables (number of available samples from the participants are 

indicated in the results as needed); 50 were asthmatic patients and 248 non-asthmatic 

controls, recruited from the same neighborhoods (27). Ascaris infection was diagnosed 

by parasitological analysis by counting eggs per gram of feces (epg) in two stool 

samples obtained by spontaneous evacuation on different days (27).  
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Ethical Statement 

 

This study was conducted following the ethical principles for medical research stated 

in the Declaration of Helsinki. The Bioethics Committee of the University of Cartagena 

approved the study (Minute 17-05-2012). A full verbal explanation of the investigation 

was given to each participant and written informed consent was obtained from all 

subjects or their parents or legal guardians. 

 

Evaluation of antibody responses (specific IgE, IgG4 and IgG) by enzyme-linked 

immunosorbent assay (ELISA) 

 

Specific IgE antibody levels to Ascaris spp. extract were measured using 

ImmunoCAP system (Thermo Fisher Scientific), following the technical instructions of 

the manufacturer. Specific IgE levels equal to or greater than 0.35 kUA/L were 

considered positive.  

IgE was determined as described before (24). For the determination of specific 

IgG4 and IgG, serum samples and conjugate dilutions were obtained by titration.  

Optical density (OD) values were detected in duplicate using ELISA as described 

previously (24). Each well was coated with 1 µg of antigen diluted in sodium 

carbonate/bicarbonate buffer. Microtiter plates (IMMULON 4HBX, Thermo Fisher 

Scientific) were incubated overnight at 4°C in humid chamber, washed five times (PBS 

pH 7.4, 0.1% Tween 20) and blocked with 1% bovine serum albumin. The plates were 

washed again, and serum samples (diluted 1:5 for IgE; 1:25 for IgG4 or 1:50 for IgG) 

were added and incubated overnight at room temperature in a humid chamber, then 

washed and incubated with the conjugates respectively as follow: 2 hours with anti-

human IgE–alkaline phosphatase conjugate (Sigma) diluted 1:500 or anti-human IgG4–

alkaline phosphatase conjugate (1:2000). Anti-human IgG–alkaline phosphatase 

conjugate (1: 30000) was used for incubation during 1 hour. For the development of 

the reaction p-nitrophenyl phosphate substrate (1 mg/ mL; Sigma) diluted in 10% 

diethanolamine, 0.5 mM MgCl2 was used. The rection was stopped with 100 µl of 3N 

NaOH, and absorbance was measured at 405 nm in a spectrophotometer (Spectra Max 
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250; Molecular Devices, Sunnyvale, CA, USA). Positive and negative control sera were 

used in each experiment and PBS as a control for non-specific binding of the anti-human 

IgE, IgG4 or IgG–alkaline phosphatase conjugates.  

Cut-off values to define positive or negative antibody responses to rAsc l 5 or Al-

CPI were calculated as the mean optical density (OD) of 9 negative controls + 3 SD for 

IgE or IgG4 and as the mean optical density (OD) of 7 negative controls + 3 SD for IgG. 

Differences in the number of controls used for calculating the cut-offs depended on the 

availability of negative serum samples. The cut-off values were: For IgE to rAsc l 5: 

0.145; rAl-CPI: 0.141. For IgG4 to rAsc l 5: 0.170; rAl-CPI: 0.170. For IgG to rAsc l 5: 

0.330; rAl-CPI: 0.316. Seropositivity was defined as a positive specific IgE, IgG4 or IgG 

result detected by ELISA to any recombinant antigen. 

 

Production of antisera to rAsc l 5 or rAl-CPI, immunization schedule and determination of 

antibody titers by ELISA 

 

Antisera against Ascaris antigens were raised in 6 to 8-week-old female BALB/c 

mice (Instituto Nacional de Salud, INS, Bogotá, Colombia). Mice received intraperitoneal 

injections of the recombinants (20µg) suspension with Imject Alum (Thermo) three 

times in a seven days interval, and blood sampled 7 days after the last injection. 

Negative-control and positive-control animals were raised as well. Mice were kept 

under specific pathogen-free environment (22 °C, 50–60% humidity, and 12-h 

light/dark cycle) and fed with standard pellet diet and drinking water ad libitum (12). 

Ovalbumin (OVA group) was the positive control of the experiment and PBS-treated 

mice the negative control (PBS group). Animal experiments were performed in 

accordance with institutional protocols (University of Cartagena, Minute 117, 13-03-

2019). 

For specific immunoglobulin determinations, MaxisorpTM microtiter plates 

were coated with 0.5 µg/well of rAsc l 5, rAl-CPI or OVA respectively; followed by 

overnight incubation at 4 °C and washed 4 times with Tween 20 0.1% PBS. Wells were 

then blocked with PBS 1% BSA 0.05% Tween 20 for 3 h at room temperature. Plates 

were washed (5X) and incubated overnight with diluted mouse plasma samples at 4 °C. 
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After 5 washes, wells were incubated for 1 h at RT with biotin labeled anti-mouse IgE, 

IgG1, or IgG2a (see below dilution of samples and conjugates). After 5 washes, 

ExtrAvidin alkaline-phosphatase (dilution 1:4000, Sigma-Aldrich, Saint Louis, Missouri, 

USA) was added and incubated for 1 additional hour. p-nitrophenyl phosphate (1 

mg/mL; Sigma) was used as substrate solution. The incubation time for the reaction 

development after adding the substrate was 30 minutes. Optical densities were read at 

405 nm in a spectrophotometer. To increase the sensitivity of the IgE ELISA, IgG was 

depleted from plasma by incubation with protein G Sepharose (63). Dilutions of plasma 

samples for detection of antibodies and conjugate dilutions were obtained by titration 

as follow: IgE plasma samples (1:10) and conjugate biotin rat anti-mouse IgE (1:1000, 

eBioscience). IgG1 plasma samples (1:80000) and conjugate biotin rat anti-mouse IgG1 

(1:10000, eBioscience). IgG2a plasma samples (1:320) and conjugate biotin rat anti-

mouse IgG2a (1:1000, eBioscience) 

 

Statistical analysis 

 

Analyses were conducted using SPSS version 20.0 (SPSS, Chicago, IL, USA) and 

GRAPHPAD PRISM version 5.01 for Windows (GraphPad Software, San Diego, CA, USA). 

IgE, Ig4 and IgG values of individual participants were not normally distributed; 

therefore, they were reported as geometric mean and 95% confidence interval (CI). The 

Mann–Whitney U-test or Kruskal-Wallis test were used for comparison of continuous 

variables as needed. Differences between proportions of subjects with positive 

antibody responses (seropositive) were analyzed by a Pearson chi-square test (Having 

into account the cut-off determined by ELISA). For all analyses, p values < 0.05 (two 

tailed) were considered significant. In the analysis of mouse antibodies, for the 

comparison of means of two groups the student’s t-test was used; for more than two 

groups, one-way ANOVA and Dunnett’s multiple comparison test were used to compare 

the means. In these cases, mean ± standard error of the mean (SEM) was used for each 

group. 
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nano-LC-MS/MS Nanoscale liquid chromatography coupled to tandem mass spectrometry 

CD Circular dichroism 
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CPI Cysteine protease inhibitor  

E. coli Escherichia coli 
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Annexes of Chapter 4: Study III. Comparison of antibody responses 

induced by two molecules from Ascaris lumbricoides 

 

 

Description of standardization of ELISA experiments  

 

The aim of the present annex is to describe how the experimental conditions for the 
determination of human IgG and IgG4 antibodies were stablished for enzyme-linked 
immunosorbent assay (ELISA) experiments. IgG and IgG4 antibody responses to rAsc l 
5 or Al-CPI were determined by indirect ELISA. For standardization of the assay, 
dilution of sera and conjugate (anti-sera) were stablished by titration. Positive sera 
from Ascaris infected people and negative controls without history of ascariasis were 
selected for titration experiments. PBS was used as a control for non-specific binding of 
anti-human IgG or IgG4–alkaline phosphatase conjugates.  

The titration of IgG4 antibodies against rAsc l 5 or Al-CPI was performed as follow: 
Dilutions of sera were 1.25, 1:50, 1:100 and 1:200. Dilutions of the conjugate were 
1:1000, 1:2000 and 1:4000. The final selected dilutions for IgG4 ELISA were 1:25 for 
sera dilution and 1:2000 for conjugate dilution. rAsc l 5 or rAl-CPI were coated in the 
microtiters plates (IMMULON 4HBX, Thermo Fisher Scientific) using 1 µg of antigen. 
The titration of IgG antibodies against rAsc l 5 or Al-CPI was performed as follow: 
Dilutions of sera were 1.50, 1:100, 1:200, 1:400 and 1:800. Dilutions of the conjugate 
were 1:5000, 1:10000, 1:20000, 1:30000 and 1:40000. The final selected dilutions for 
IgG ELISA were 1:50 for sera dilution and 1:30000 for conjugate dilution. rAsc l 5 or 
rAl-CPI were coated in the microtiter plates (IMMULON 4HBX, Thermo Fisher 
Scientific) using 1 µg of antigen.  

Incubation time of the conjugates also was evaluated. The final incubation time for IgG4 
ELISA was 2 hours and for IgG ELISA 1 hour. In total 62 sera were used for the 
standardization of IgG4 ELISA and IgG ELISA to the antigens rAsc l 5 or rAl-CPI.  

In Figure A1, it is shown representative curves for positive and negative sera using the 
final conditions for the conjugates and time incubation.  Sera dilutions are indicated in 
each graphic.  

 

 

 

 



 

 

 

Figure A1. Representative curves of negative (Neg.) and positive (Pos.) sera obtained 
after selecting final dilutions of sera and conjugates from titration experiments for (A) 
IgG4 to rAsc l 5 using conjugate dilution of 1:2000, (B) IgG4 to rAl-CPI and conjugate 
dilution of 1:2000, (C) IgG to rAsc l 5 and conjugate dilution of 1:30000 or IgG to rAl-
CPI and conjugate dilution of 1:30000.  Sera dilutions that are shown for IgG4 ELISA are 
from 1:25 to 1:200 and for IgG ELISA from 1:50 to 1:800.  
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General discussion 

 

In the tropics house dust mite (HDM) allergens are the main inducers of allergic 

symptoms (1, 2). In addition, high exposure to helminth infections is concurrent with 

the exposure to HDM. Ascaris lumbricoides is an important causative agent of infections 

in humans. Colombia is a developing country, in which ascariasis is frequent (3-5). This 

infection remains as a neglected disease. Therefore, the discovery of new 

antigens/allergens, would be useful for the development of diagnostic tests, or for 

component resolved diagnosis of allergy. In this sense, epidemiological studies are very 

valuable (6). Ascaris is a source of allergens, in total 4 allergens (ABA-1, Asc l 3, Asc l 5 

and Asc l 13) have been registered at the World Health Organization and International 

Union of Immunological Societies (WHO/IUIS) Allergen Nomenclature Sub-committee.  

 

ABA-1 (Asc s 1) was the first allergen identified in Ascaris. This is a protein type 

only found in nematodes and shows no cross-reactivity with allergens of mite extracts 

(7). Therefore, it can be used as a marker for current or past ascariasis. Asc l 3 is the A. 

lumbricoides tropomyosin (2). Tropomyosins are a family of proteins that comprise a 

large number of reported allergens, hence their designation as so-called pan-allergens.  

Asc l 13 is the glutathione transferase (GST) found in both A. lumbricoides and A. suum. 

There is cross-reactivity between tropomyosins from HDMs and their counterpart from 

Ascaris (7, 8) 

The document of this Thesis was divided in 3 studies. In the Study I, the Ascaris 

allergens ABA-1, Asc l 3 and GST were used in a country-wide case control study for the 

evaluation of risk factors for asthma in Colombia (6). Case control studies are important 

because they add statistical support of clinical relevance of allergens. In that way, we 

detected that IgE responses to Ascaris were associated with asthma symptoms and the 

sensitization to the cross-reactive tropomyosin partially underlay that finding (6). 

These results have potential relevance in asthma diagnosis and management. 

Asthma is a chronic condition, which is considered as a public health problem. 

Asthma can be appraised as an umbrella concept to define a heterogeneous disease. 
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Asthma encompasses several phenotypes that probably have different 

pathophysiological mechanisms (9). A phenotype defines those observable 

characteristics of a disease that result from the combination of genetic and 

environmental factors. However, the definition of phenotype does not involve the 

description of any underlying mechanisms. The endotype represents the specific 

molecular pathways that may explain an observable phenotype. Endotypes allow 

distinguish subtypes of the disease based on the pathophysiological mechanisms. 

Biological markers are useful to identify endotypes, since they can show the occurrence 

of a biological or pathological process. This help to identify which mechanism is 

involved in a specific disease (with greater probability). However, the selection of 

markers depends on the available knowledge about a specific mechanism involved in a 

given condition. Although currently there is limited knowledge about the mechanisms 

involved in the development of asthma, defining the concept of endotype can help to 

identify new biomarkers (10). 

 

 The new vision of evaluating asthma and other allergic diseases taking into 

account the endotypes helps to scale towards the development of "precision medicine". 

In addition, this would help to select the best therapeutic strategy. In this general 

context, a highly studied and characterized phenotype is the “IgE response” associated 

with atopy. In fact, IgE is the main biological marker currently available to identify 

allergic individuals, whether they present symptoms or not. In that sense, the increase 

in available set of allergens for component-resolved diagnostic of allergy may help to 

identify specific targets of IgE responses. Additionally, the “omics” including genomic 

support the concept of precision medicine based on the possibility of use genotypes to 

better define endotypes (11). However, the availability of these tools is still limited 

specially for tropical developing countries.  

 

In the identification of new allergens is important to distinguish allergenicity 

from allergenic activity. Both concepts are related but different. Allergenicity depends 

on the ability of an antigen to bind IgE. However, allergenic activity depends on antigen 

IgE-mediated activation of effector cells that lead to type I hypersensitivity reactions 
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and clinical symptoms in allergic diseases. In this regard, in Study II we demonstrated 

the allergenic activity of Asc l 5 from A. lumbricoides (12). In line with this, in vitro and 

in vivo assays are needed to corroborate the allergenic activity of a candidate antigen. 

In vitro assays for the evaluation of IgE-dependent cellular activation, include basophil 

activation test, histamine release from patients’ fresh blood samples or the use of cell 

lines such as Rat Basophilic Leukemia (RBL) cells. Animal models of allergy may add 

support for clinical relevance of allergens. Passive cutaneous anaphylaxis models can 

show the induction of a specific IgE response and allergenic activity.  In vivo provocation 

tests in patients with new allergens are not always possible to perform, due to quality 

control requirements and regulatory affairs of allergen products. In general, 

provocation test undertaken in skin (skin prick test), nasal, conjunctival and bronchial 

epithelia allow the evaluation of clinical relevance of allergens. Additionally, it is 

important to remember that non-IgE related responses are attributable to allergens as 

well. And this non-IgE related responses may explain in some extend the allergenic 

activity of certain allergens.  

 

People are continuously expose to a large number of antigens but only a small 

percentage are allergens. There are several publications showing that some allergens 

have the ability to interact with cells and receptors, especially of innate immunity, to 

promote a type 2 allergic response through different mechanisms, such as the effect of 

protease activity on the epithelial barrier (13), its ability to bind lipids (such as LPS) or 

the activation of receptors of the TLR or PAR type (13-15). These studies have been 

focused on the activity of mite allergens and their ability to skew the response towards 

a type 2 profile.  

 

More studies are needed to analyze the initial triggers of the allergic response, 

especially to define whether certain characteristics (enzymatic, physicochemical, or 

immunological properties) that have been associated with allergenicity could be 

applicable in a general way, since the allergenic activity of certain antigens can be 

explained through specific properties that allow them to interact with cells of the 

immune system. However, up to now these properties cannot be attributed to all 
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allergens because probably several mechanisms may be involved. A complete 

physicochemical and immunological characterization of allergens will help to 

understand why some antigens can induce an allergic response and others cannot. In 

connection with this, the identification and characterization of Asc l 5 (12) from Study 

II is important because it increases the panel of Ascaris lumbricoides allergens available 

for component-resolved diagnosis. Therefore, a new allergen of this nematode is 

available for diagnosis of Ascaris allergy in the tropics. In addition, Asc l 5 might 

represent a species-specific component of Ascaris (16).  

 

The concept of allergenic activity includes the manifestation of clinical 

symptoms as consequence of cellular and humoral effector responses. Detection of 

allergen-specific IgE antibodies is not necessarily related to the manifestation of clinical 

symptoms. As an effort to explain why in some sensitized patients there is a dissociation 

between positive IgE responses and allergic symptoms, some IgG-related mechanisms 

have been studied. It is possible that IgG antibodies participate in regulatory 

mechanisms that may explain that observation (17). For example, IgG antibodies may 

compete for specific epitopes by exerting a blocking effect on IgE activity (18). In 

addition, antigen-specific IgG can bind to inhibitory receptors that prevent 

degranulation of mast cells and basophils (19-21). The study of these mechanisms and 

others may help to explain why, although there are specific IgE antibodies, cellular 

effector responses does not occur (22).  

 

 Since ascariasis stimulates some degree of parasite-induced 

immunomodulation, the study of components with anti-inflammatory properties is 

relevant in this context. In that way, we aimed in Study III to compare the antibody 

responses induced by the immunomodulatory protein Al-CPI and by the allergen Asc l 

5.  We found that Al-CPI exhibits a lower allergenicity than Asc l 5 (as evaluated by their 

IgE levels) and higher titers of IgG and IgG4 antibodies. We hypothesize that IgG and 

IgG4 responses may be associated with some underline control mechanisms but this 

finding would need more investigation. Whether IgG4 antibodies are or are not a 
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possible biological marker of regulatory networks induced by helminths is an open 

issue.  

 

General conclusions and future perspectives 

 

Particularities of tropical regions such as the high prevalence of infection diseases, 

encourage us to study local sources of allergens. Since ascariasis is still a neglected 

diseases in Colombia and co-exposure to HDM allergens are concurrent with ascariasis, 

the identification of source specific allergens is of great interest for us. Furthermore, 

the study of immunological and physicochemical features contributes to the process of 

recombinant protein characterization.  

 

Although, the conclusions of this Thesis have been given by separate in each Study, 

I would like to highlight some key points: 

 

1. In Study I, IgE responses to Ascaris were detected as a risk factor for asthma and 

tropomyosin partially underlying that association. We could not rule out 

sensitization to other Ascaris specific allergenic components participating as risk 

factors, so further investigation may reveal a larger set of Ascaris components 

potentially modifying the evolution of asthma.  

 

2. In Study II, Asc l 5 a new A. lumbricoides allergen was characterized. Immunological 

and physicochemical characterization of it was undertaken in detail. The 

identification of a new allergen in Ascaris increases the panel of recombinant 

allergens for component-resolved diagnosis of allergy. Since the complete allergenic 

composition of Ascaris is still pending, more studies about the identification of 

allergens may be relevant in tropical regions where ascariasis is endemic.  

 

3. In study III, antibody responses (IgE, IgG4 and IgG) to Asc l 5 and Al-CPI were 

evaluated. The IgE, IgG4 and IgG responses to Asc l 5 were compared with those 
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induced by the immunomodulatory protein Al-CPI. Al-CPI induced lower titers of 

IgE than Asc l 5, but higher IgG4 and IgG responses. Future studies may be focused 

on evaluate if regulatory mechanisms induced by helminth infections are able to 

skew the antibody responses toward the production of IgG4. 
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