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ABSTRACT

The immune response based on immunoglobulin E (IgE) evolved as a defense against specific parasitic infections. In the
absence of active helminthic infections, the immune system has redirected its IgE epitopes toward innocuous environmental
antigens. Helminths and aeroallergens have a similar stereotypical IgE response to unique antigens that can not be explained
by chance alone. This study was designed to evaluate potential homology between conserved protein domains embedded in
parasitic organisms and aeroallergens. Search and retrieval systems for nucleotide and protein sequences (Entrez, BLAST, and
National Center for Biotechnology Information) were searched to identify conserved domains between allergens and certain
parasites. A total score was developed that correlated positively with homology between compared sequences. Over 2000
domains were examined. We found matches with a high total score (>100) that signified a strong positive correlation between
sequences in allergens (n = 30) and parasites (n = 13). Multiple shared conserved domains were identified between parasites
and allergens. Parasite-allergen combinations with the most significant homology (greatest total score) were Plasmodium
falciparum enolase and Hev b9 (total score, 612), Schistosoma mansoni albumin and Fel d 2 (total score, 991), Ascaris
lumbricoides tropomyosin and Ani s3 (total score, 531), and Wuchereria bancrofti trypsin and Blo t3 (138). Homologous
conserved domains exist in specific parasites and allergens, consistent with the theory that the human IgE—eosinophil immune

response to common allergens is a direct consequence of stimulation by parasitic organisms.
(Allergy Asthma Proc 34:93-102, 2013; doi: 10.2500/aap.2013.34.3616)

he International Study of Asthma and Allergies in
Childhood elucidated the global prevalence of
atopic disorders among different geographic popula-
tions."” A direct relation exists between individual
parasitic burdens and the blunting of the allergic re-
sponse. However, allergies increase with antiparasitic
treatment,” suggesting an intersection between para-
sitic infections and allergies at the immunoglobulin E
(IgE)-Th2 lymphocyte—eosinophil response.*~”

The hygiene hypothesis suggests an inverse relation
between allergenicity and exposure to various infec-
tious agents or bacterial endotoxins.®” This hypothesis
suggests that an inverse relationship exists between
microbial exposure during childhood (such as from
farm animals, domestic pets, day care attendance, and
large family size) and atopic diseases; a greater expo-
sure to microbes is associated with lower probability of
developing diseases such as hay fever and asthma.
This may be explained by the allergy being mediated
primarily by the interaction of B lymphocytes, IgE, and
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mast cells, as controlled by the Th2 response. The
hygiene hypothesis has been extended to include mi-
crobial exposure and a greater number and chronicity
of acquired infections.’® A lower frequency of allergies
has been reported in developing countries, suggesting
that the multiplicity of childhood infections protects
against allergic sensitization by inducing an immuno-
logic shift from a predominant Th2 response to a Thl
response.'’

Bacterial and viral infections typically promote pro-
tective Thl cytokines. Th2 and Thl lymphocyte re-
sponses are counterregulatory, and reduced Th1 could
promote the development of Th2 responses to antigens
in the environment.'' Repeated exposure to infections
may shift the body from a primarily Th2 response to a
Th1l response. However, a deviation toward Thl re-
sponses from microbial product exposure does not
fully explain all aspects of the hygiene hypothesis.

Similar to the hygiene hypothesis, there is a negative
relation between helminthic exposure and the preva-
lence of childhood asthma and atopic responses. The
Th2 immune response is the primary underlying mech-
anism that generates atopic disease, and it also is the
immune response that is directed against helminthic
infections.’*™" In the evolution of the immune system,
with its initial function to assist in protection against
parasites such as Schistosoma, a storage depot of con-
served domains had been generated for future use by
the human immune system when it should encounter
the same parasite again. However, with fewer parasites
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to fight, the dormant IgE genetic code for various
epitopes redirects itself toward other antigens, such as
innocuous environmental antigens or aeroallergens.

Helminths and aeroallergens have a similar stereo-
typical IgE response to unique antigens of specific
proteins that can not be explained by chance alone. An
evolutionarily conserved mechanism for selecting par-
ticular motifs likely exists. Recent epidemiological
studies have suggested such cross-reactivity against
parasites by strongly induced Th2-type responses, in-
cluding high levels of IgE, circulating eosinophils, and
mast cells.”'¢~2°

In the present study, we investigated the common
domains that exist between species that stimulate the
Th2 pathway response, including parasites and mod-
ern day allergens. Protein sequences from known al-
lergens were compared with sequences from tropical
and more temperate parasites and examined for areas
of homology for possible IgE binding. We showed that
the human IgE response to the selected helminthic
enzymes was responsible for allergy to many common
human environmental allergens because of homolo-
gous conserved domains.

MATERIALS AND METHODS

Allergen Selection

Twenty-eight aeroallergens with a large number of
homologous protein sequences across different fami-
lies and phyla were selected (Table 1).

Sequence Analysis

Each allergen sequence was compared with a protein
database of selected parasites from the National Center
for Biotechnology Information®! (NCBI; www.blast.
ncbi.nlm.nih.gov) using the Entrez and FASTA data-
bases. Entrez Global Query was an integrated search
and retrieval system that provided access to all data-
bases simultaneously with a single query string and
user interface® (www.ncbinlmnih.gov/sites/gquery).
Entrez efficiently retrieved related sequences, struc-
tures, and references and provided views of gene and
protein sequences and chromosome maps. FASTA, a
DNA and protein sequence alignment software program,
was used with the Position-Specific Iterative Basic Local
Alignment Search Tool (PSI-BLAST). FASTA was de-
signed to measure protein sequence similarity
(www.ncbi.nlm.nih.gov/BLAST /tutorial / Altschul-
1.html).?

The PSI-BLAST tool compared the entered amino
acid sequences against hundreds of complete and in-
complete protein databases. The PSI-BLAST program
used a series of algorithms based on the Smith-Water-
man model and examined sequence homology be-
tween two sequences. The algorithms searched for
“high-scoring segment pairs” between sequences and
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investigated the likelihood that the sequences could be
related. The PSI-BLAST program generated a signifi-
cance score (S score) and expect value score (E value)
based on statistical significance, which were noted in
this study. An algorithm generated the S score with
higher numbers showing greater sequence homology.
The E value represented the number of expected “hits”
generated within PSI-BLAST that were expected by
chance, which was based on the size of the database
and sequence, and was analogous to background
noise. A lower E value represented a more significant
result and indicated a lower likelihood that the match
was by chance. Therefore, the S score represented the
relative alignment of the sequences with a high S score
and a low E value being the most significant. For this
study, an S score of >200 indicated a significant match
between allergen and helminth, and an E value of
<0.01 (equivalent to p value) ruled out a match by
chance.

Each allergen sequence was compared with the
known protein database of selected parasites. An E
value was assigned to each sequence. The E value
related to the level of sequence homology expected for
a sequence of a given length. The E value was then
used to develop a total score (T score). The E value was
set at 10 for inclusion, with those E values found
<0.001 to be likely significant for homology.

The T score, defined as the lower E value (<0.01) and
higher S score (>200), was then recorded for each
allergen—parasite pair. The value of the T score posi-
tively correlated with the homology between the two
sequences. A T score of <40 essentially correlated with
nonspecific E values. T scores of >100 signified E val-
ues with a strong homology between allergen sequence
and parasite sequence.

Parasite Selection

Protein sequences for 13 parasites were selected
against 28 aeroallergens. (Table 2)

RESULTS

Enolase

Enolase had significant homology with all helminths
except Strongyloides stercoralis and Ascaris lumbricoides.
These relations had high T scores (>100). The allergens
studied included those from the fungi phyla (Alt a 6,
Clah 6, Cur 12, Asp f 22, Pen ¢22, and Rho m 1) and
enolase from the Plantae kingdom allergen, Hev b 9

(Fig. 1).

Albumin

Albumin comparisons showed significant homology
between all allergens (Can f 3 [T score, 968], Fel d 2 [T
score, 991], Bos d 6 [T score, 921] Equ ¢ 3 [T score, 966],
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Table 1 Aeroallergen selection

Allergen Scientific Name Taxonomy Allergen Type (common name)
Enolase Alta6 Alternaria alternata*# Fungi (mold) Alternaria rot

Clahé6 Cladosporium herbarum* Fungi (mold) Davidiella tassiana

Curl2 Curvularia lunata* Fungi —

Asp £22  Aspergillus fumigatus Fungi (mold) Aspergillus

Pen ¢ 22 Penicillium citrinum Fungi (mold) Penicillin

pml Rhodotorula mucilaginosa Fungi (mold) Yeast

Hev b9 Hevea brasiliensis Plantae Para rubber tree (latex)
Albumin Canf3 Canis familiaris (Canis domesticus) ~ Chordata Dog

Feld 2 Felis domesticus Chordata Cat, saliva

Bosd 6 Bos domesticus Chordata Domestic cattle§

Equc3 Equus caballus Chordata Domestic horse

Gald5 Gallus domesticus Chordata Domestic chicken
Tropomyosin  Anis3 Anisakis simplex Nematoda Roundworm

Helas1  Helix aspersa Mollusca Brown garden snail§

Tod p1 Todarodes pacificus Mollusca Squid

Blot 10 Blomia tropicalis Arthropoda Tropical dust mite

Der f10  Dermatophagoides farinae Arthropoda American house-dust mite

Derp 10  Dermatophagoides pteronyssinus Arthropoda European house-dust mite

Lepd 10  Lepidoglyphus destructor Arthropoda Storage mite

Penm1  Penaeus monodon Arthropoda Black tiger shrimp§

Blag?7 Blattella germanica Arthropoda German cockroach

Pera?7 Periplaneta americana Arthropoda American cockroach

x k10 Chironomus kiiensis Arthropoda Midge

Leps1 Lepisma saccharina Arthropoda Silverfish
Trypsin Blo t 3 Blomia tropicalis Arthropoda Tropical dust mite

Der£3 Dermatophagoides farinae Arthropoda American house-dust mite

Derp 3 Dermatophagoides pteronyssinus Arthropoda European house-dust mite

Eur m 3 Euroglyphus maynei Arthropoda Mayne’s house-dust mite

Allergen protein sequences were downloaded from the International Union of Immunological Societies Allergen Nomenclature
Sub-Committee (IUISANSC) database (www.Allergen.org) and chosen for analysis. The four allergens selected were enolase,
albumin, tropomyosin, and trypsin. In analyzing the albumin group, sequences for nonallergenic albumins from nonmamma-
lian species were incorporated in the selection for analysis and included Taeniopygia guttata (zebra finch), Larus argentatus
(herring gull), and Neoceratodus forsteri (Australian lungfish). These particular species were selected to show that
homologous domains exist across different phyla.

*Tropical fungal plant pathogen.

#This fungus lives on dead and decaying plant tissue in pistachio orchards and its spores contaminate pistachios in the orchard

or during the handling process.
§Common foods in different geographic regions.

and Gal g 5 [498]) tested to the proto albumin protein
Schistosoma mansoni. However, none of these modern day
allergens displayed significant homology with any other
parasites tested to albumin. The homology was calcu-
lated with Mus musculus (T score, 1074). Neoceratodus
forsteri (Australian lungfish), Taeniopygia guttata (zebra
finch), and Larus argentatus (herring gull) were entered
into the NCBI's Protein BLAST protocol to see if the S.
mansoni conserved domains exist outside mammals. All
three animals showed significant homology, with T
scores of 43,103, and 117. No other parasites had proteins
that showed homology to the aeroallergens tested (Fig. 2).

Allergy and Asthma Proceedings

Tropomyosin

Tropomyosin was represented by 12 separate aller-
gens from across three classes in kingdom Animalia
(Arthropoda, Mollusca, and Nematoda). The Tod p 1
allergen, representing the Todarodes pacificus (squid in
the Mollusca class), showed no significant homology
with any of the parasites. The other 11 aeroallergens
(Blo t 10, Der f 10, Der p 10, Lep d 10, Anis 3, Bla g 7,
Per a 7, Chi k 10, Lep s 1, Hel as 1, and Pen m 1) all
showed significant homology, with T scores of >100
for Onchocerca volvulus, S. mansoni, Schistosoma japoni-
cum, and Clonorchis sinensis. These included allergens
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Figure 1. Significant homology between parasites and aeroallergen enolase. Significant homology of the enolase protein sequences found in
fungi and plants compared with the enolase sequence in parasites. Parasites are on the x-axis and T scores are on the y-axis. Represented are
the Fungi phyla Ascomycota (Alt a 6, Cla h 6, Cur 1 2, Asp f 22, and Pen c 22), Basidiomycota (Rho m 1), the Plantae kingdom (Hev b 9),
and those of 16 parasite sequences (Leishmania braziliensis, Leishmania major, Leishmania donovani, Schistosoma mansoni,
Schistosoma japonicum, Plasmodium vivax, Plasmodium falciparum, Tinea, Giardia lamblia, Strongyloides stercoralis,
Clonorchis sinensis, Wuchereria bancrofti, Onchocerca volvulus, Ascaris lumbricoides, Fasciola hepatica, and Entamoeba
histolytica). The total computed value in all cases except for S. stercoralis and Ascaris is significant. The black bar represents a T score of
40, indicating a significant homology. (The E value was set at 10 for inclusion, with E values found <0.001 to be likely significant for
homology. The T score was then recorded for each allergen—parasitic antigen pair. A greater T score indicates greater homology between the
two sequences. T scores of <40 were associated with nonspecific E values and therefore nonhomologous sequences.).
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mansoni; however, no other parasites i
showed significant homology. Helminth
from mites, snails, nematodes, shrimp, and midges. DISCUSSION

None of the other parasites evaluated had any signifi-

The IgE-eosinophil immune response originally de-
cant homology with any of the aeroallergens (Fig. 3).

veloped as a consequence of the immune response of
mammals to specific parasitic infections. Over the past
decade, researchers have described an inverse relation-

Trypsin ship of atopic disorders and helminth infections with

The trypsin protein is represented by allergens all
within the Astigmata order of the Arthropod class: Blo
t 3, Der f 3, Der p 3, and Eur m 3. The allergen for Blo
t 3, representing Blomia tropicalis, showed significant
homology (T score, 138) with all parasites except O.
volvulus, Fasciola hepatica, S. stercoralis, and Entameba
histolytica. None of the other aeroallergens displayed a
homologous trend in conserved domains (Fig. 4).

Allergy and Asthma Proceedings

increasing evidence that helminth infections can pro-
tect the host against Th2-mediated allergic pathologies,
even though helminthes themselves are strong Th2
inducers.”'*?* In murine model systems, alleviation of
allergy is not achieved through immune deviation to
Th1 but is linked to expansion of regulatory T-cell
activity.'>* From these researchers’ theories, we pro-
pose a schematic of the evolutionary process of IgE and
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Figure 3. Significant homology between parasites and aeroallergen tropomyosin. Tropomyosin is represented by 12 separate allergens from
across the arthropod phylum. Parasites are on the x-axis and T scores are on the y-axis. The Tod p 1 allergen representing Todarodes
pacificus (squid) showed no significant homology with any of the parasites. The other 11 allergens all showed significant homology (T scores
of >100) for Onchocerca volvulus, Schistosoma mansoni, Schistosoma japonicum, and Clonorchis sinensis. None of the other

parasites studied showed any significant homology.
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overall shift in the Th1/Th2 paradigm over time (Fig.
5). Parasites and antigens provoke similar induction of
the human IgE response, and common conserved do-
mains that represent the allergenic epitopes can be
observed. Metalloproteinase mimics the S. japonicum
epitope as a potential vaccine, which is consistent with
our data that tropomyosin showed strong homology
between S. japonicum and Blo t 3, Der f 3, Der p 3, and
Bur'm 3,%

The present results support the concept that common
domains exist between species that stimulate the Th2
pathway response, including parasites and modern
day aeroallergens. We found strong homologous pro-
tein sequences from known allergens and compared
them against sequences from tropical and more tem-
perate parasites. In a recent study, the induction of
cross-reactive IgE antibodies to aeroallergens by hel-
minthic infections suggested that the autoimmune re-
sponse to parasites can induce allergic disease.”” With
epitope mapping studies, a three-dimensional com-
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on the y-axis. The trypsin sequence for
Blo t 3 showed significant homology
with all parasites except Clonorchis si-
“@b nensis, Fasciola hepatica, Strongy-
“\" loides stercoralis, and Entamoeba
histolytica. Nore of the other allergens

showed significant homology.

puter model was created for amino acids of glutathione
S-transferase from the filarial parasite Wuchereria ban-
crofti and a major cockroach glutathione S-transferase
allergen, Bla g 5, highlighting the conserved domains
within the same epitope that bind human IgE (40%
sequence identity).”” In addition, tropomyosin from
filarial parasites can induce IgE antibodies that cross-
react with house-dust mite aeroallergens, and IgE re-
sponses to tropomyosins from Ascaris species cross-
react with cockroach allergens,”® consistent with our
findings. Sensitization to common allergens, such as Bla g
5 and tropomyosins, which are involved in human allergic
disease, might have resulted from parasitic infections with
cross-reactive protein domains.**

The entire population of IgE epitopes for several
aeroallergens is dependent on their structural integrity.
The anaphylactic potential of any allergen may be de-
creased by disrupting the overall secondary structure
of the protein. Epitopes might be composed of sequen-
tial residues along the polypeptide chain (continuous

January-February 2013, Vol. 34, No. 1



Time

Figure 5. Conceptual time line of the evolution of immunoglobulin
E (IgE). The balanced immune response between Thl and Th2
pathways is heavily weighted to Th2 when infected with helminths.
With time, the response shifts to Thl, corresponding to the migra-
tion of society from the nondeveloped parasitic-infected regions of
the world to the more domesticated farmland and exposure to
predominantly cell-mediated processes (tuberculosis, bacterial, and
viral infection). With the advent of antimycobacterial, antibacterial,
and antiviral treatments, there is a migration back to Th2 responses
in the form of allergies.

or linear epitopes), as with most food allergens, or
nonsequential residues from segments of the chain
brought into physical proximity by the folded confor-
mation of the protein (discontinuous or conformational
epitopes). The majority of IgE epitopes are conforma-
tional, and a collapse in the structure can prevent al-
lergen-specific IgE recognition and cross-linking. In
this study, the aeroallergens primarily had conforma-
tional epitopes displayed on the surface of the protein,
except for tropomyosin.

The enolase enzyme is a 46-kDa glycolytic enzyme
that was highly conserved during evolution. It is lo-
cated on the cell surface of eukaryotic cells, including
yeast and parasites.’® In the present study, there was
strong homology between the enolase of many para-
sites, fungi, and plants tested. The parasites in the
Leishmania, Schistosoma, Plasmodium, Giardia, Clonorchis,
Whuchereria, Onchocerca, Fasciola, and Entamoeba groups
all had S scores of >200, and all but Wuchereria had an
S score of >400. The only parasite that did not have an
enolase with significant homology to the enolases of
the allergen was Ascaris, possibly because of an incom-
plete enolase sequence in the NCBI database.

Enolase belongs to different phyla than tropomyosin,
trypsin, and albumin, with Hev b 9 from the rubber
tree serving as a prime example, showing just as strong
homology to the parasitic antigens as the fungi. Hev b
9 showed the strongest homology with Plasmodium
falciparum and Fasciola and equivalently strong homol-

Allergy and Asthma Proceedings

ogy to the enolase of Schistosoma, Plasmodium vivax,
Clonorchis, and Onchocerca than the other fungi eno-
lases. Enolase allergens appear to be cross-reactive
from different phyla, as indicated by the homology
between the parasite enolase sequences and allergens
derived from fungi and plants.

Albumin is an abundant protein and major contrib-
utor to colloid osmotic pressure of plasma in humans
and other animals. Bovine serum albumin is useful in
vaccine development against S. mansoni. When mimo-
topes of S. mansoni are conjugated to bovine serum
albumin and the conjugates are used to immunize
C57BL/6] mice, only the albumin-induced antibodies
are effective at complement-mediated killing of S. man-
soni.>* The present analysis of albumin-conserved do-
main data showed a cross-allergen, parasite-specific
pattern in contrast with enolase, which had a cross-
phyla, cross-allergen, parasite nonspecific pattern. We
showed significant homology between albumin in S.
mansoni, albumin represented by the five allergens
tested, and albumins from across the Animalia phyla
(Australian lungfish, zebra finch, and herring gull).
Plasmodium, which has its entire genome mapped, had
no homology to other allergens, including its albumin.

Although not typically seen with the albumin allergen,
anticarbohydrate epiptopes of invertebrate glycoproteins,
from organisms such as S. mansoni, Drosophila melano-
gaster, and Caenorhabditis elegans (nematode worm), pos-
sess core a-(1,3)-fucosyltransferases, with synthesis of N-
glycans that cross-react with anti-horseradish peroxidase
antibodies.>® The present results showed significant ho-
mology with the albumin of M. musculus and S. mansoni,
but other workers have suggested that the observed ho-
mology may be caused by contamination and not hori-
zontal gene transfer.**

Tropomyosin is a well-known panallergen that be-
longs to a family of highly conserved proteins found in
muscle and nonmuscle cells of invertebrates. Aller-
genic invertebrates include crustaceans (shrimp, crab,
and lobster), arachnids (dust mites), insects (cock-
roaches and midges), and mollusks (squid, snail, and
oyster), but vertebrate tropomyosins are nonallergenic.
Increased exposure to mite antigens via immunother-
apy may cause sensitization to cross-reactive seafood
tropomyosins.”®> However, these studies neglect to
compare duration of exposure. Although in vitro cross-
reactivity among tropomyosins exists in different in-
vertebrate species, it is unknown whether acute or
chronic exposure and sensitization to a particular food
allergen may cause sensitization to certain aeroaller-
gens.

Tropomyosin also may be an important antigen that
induces the IgE-eosinophil response in nematode in-
fections. The present data showed significant homol-
ogy in only a select few parasites (O. volvulus, S. man-
soni, S. japonicum, C. sinensis, and A. lumbricoides). O.
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volvulus and A. lumbricoides both had strong T scores
with Anisakis simplex (Ani s 3), which is consistent with
other studies, most likely because nematode allergens
include paramyosin from A. simplex.**~® Cross-reactiv-
ity exists between B. tropicalis (an important domestic
dust mite in the tropics and subtropics) and O. volvu-
lus, S. mansoni, S. japonicum, C. sinensis, and A. lumbri-
coides but not other tropical parasites. The reasons for
selectivity of cross-reactivity toward distinct parasites
are unknown. S. japonicum has a protective effect on
gastrointestinal infections, further supporting the con-
cept that cross-reactivity exists and that helminths play
a pivotal role in balancing the Thl and Th2 path-
ways 39

Trypsin is a serine protease, a digestive enzyme of the
gastrointestinal system, and an important antigen that
mediates allergies to various arthropods, especially Blo t
3, the house-dust mite. The present results showed that
Blo t 3 uniquely displays strong homology with all other
allergens except F. hepatica, C. sinensis, E. histolytica, and S.
stercoralis. Sequence alignment showed that the serine
protease active sites are highly conserved among the
clinically important mite species, including B. tropicalis.*’
All dust mites (Blo t 3, Der f 3, Der p 3, and Eur m 3)
exhibited significant homology to both Schistosoma
groups (S. mansoni and S. japonicum) but to none of the
other species.

In this study, we investigated parasites and aeroaller-
gens that bind to similar antigens (enolase, albumin, tryp-
sin, and tropomyosin) and have shown homologous do-
mains across different species (Table 2). Lectin-dependent
conserved glycan antigens have significant homologies
with filarial (Brugia malayi, O. volvulus, and W. bancrofti)
and canine aeroallergens, which may contribute to Th2
adaptive responses.*' At a molecular level, these data are
consistent with previous studies that documented an in-
verse relation between parasitic disorders that perturb
the mucosal integrity of the gastrointestinal tract and
allergies that reflect a perturbation of mucosal immunity
in other mucosal regions of the body.** Thus, helminthic
colonization may provide protection against or diminu-
tion of the allergic and asthmatic response, suggesting a
potential role for shared antigens between parasites and
environmental aeroallergens in modulating the immune
response.'>'>2%434 Previous studies noted that IgE levels
and eosinophil counts decreased with antiparasitic treat-
ment, but when atopic disorders such as asthma were
treated with the same infectious agents (hookworms and
whipworms), the IgE response was redirected.*¢~4

The role of infections in preventing atopy and
asthma has gained much support in recent years with
the hygiene hypothesis. The hygiene hypothesis is
based on epidemiological studies that suggest that
early exposure to infections may prevent the develop-
ment of atopy.*”*® The immunologic mechanisms re-
sponsible for IgE production that are protective in

100

helminthic infections are similar to those for the pro-
duction of specific IgE against allergens. Helminthic
colonization prevents the subsequent development of
allergen-induced eosinophilic airway inflammation
and allergen-specific Th2 cytokine production despite
promoting overall increases in the general Th2 inflam-
matory milieu. Furthermore, the protective effects of
helminthic infection in preventing atopic asthma can
not be explained by the modulation of the IgE re-
sponse, because suppression of airway inflammation
by helminthic infection occurs despite increased levels
of antigen-specific IgE. Helminths may decrease the
risk for allergies by stimulating the production of high
levels of polyclonal IgE that are capable of blocking Fc
receptors on mast cells or by promoting high levels of
regulatory cytokines capable of down-regulating aller-
gic responses.

The association between the memory T-cell subpopu-
lation D4"CD45RO™ and the stimulation of IgE against
both parasites and allergens is dependent on the regula-
tory cytokine interleukin 10 (IL-10).>?° These data,
which parallel changes in IL-5 release, are most consistent
with the explanation that helminth-infected mice have
reduced allergen-specific Th2 responses. The induction of
the regulatory cascade, characterized by IL-10 releasing T
cells, has been linked to immune modulation by hel-
minths in several disease models, including allergic25 and
autoimmune diseases.”’ ™ The suppression of IL-10 re-
lease in helminth-infected mice may represent reductions
in antigen responsive Th2 cells. Indeed, the induction of
IL-10 by mitogen stimulation could reflect either a larger
non-antigen-specific Th2 population, or alternatively, a
release of cytokine from active regulatory cells. T cells
with non-antigen-specific regulatory properties may be
induced. These include T-regulatory cells that may re-
lease both IL-10 and IL-5 but its effects are IL-10 depen-
dent.>*

In summary, the present data indicated that conserved
domains exist in specific parasites and allergens (Table 2).
This supports the theory that the human IgE-eosinophil
immune response to common allergens could be a direct
consequence of constant stimulation of parasitic organ-
isms. The data showing homologies between parasites
and allergens add important information and support
observations and studies regarding the protective effect
of parasitic infections on the development of atopy and
asthma***~% This may explain how the human IgE
response to the selected helminthic enzymes are respon-
sible for allergy to many common aeroallergens because
of homologous conserved domains. Although amino acid
sequence homology does not predict antigen cross-reac-
tivity with IgE antibodies, additional studies may better
help explain the immune response relation between
aeroallergens and parasitic antigens and whether molec-
ular mimicry is responsible. With further research study-
ing the evolution of the host-parasite relation and im-
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mune response and the increasing availability of
helminth genome data, it may be possible to identify
many more conserved domains between aeroallergens
and helminths. This may facilitate the development of
methods for targeted immunotherapy.

REFERENCES

i

10.

11.

12.

18.

14.

15.

16.

17.

18.

Lewis S. ISAAC—A hypothesis generator for asthma? Interna-
tional Study of Asthma and Allergies in Childhood. Lancet
351:1220-1221, 1998.

Rottem M, Szyper-Kravitz M, and Shoenfeld Y. Atopy and
asthma in migrants. Int Arch Allergy Immunol 136:198-204,
2005.

van Ree R, and Yazdanbakhsh M. Allergic disorders in African
countries: Linking immunology to accurate phenotype. Allergy
62:237-246, 2007.

van Den Biggelaar AH, Grogan JL, Filié Y, et al. Chronic schis-
tosomiasis: Dendritic cells generated from patients can over-
come antigen-specific T cell hyporesponsiveness. J Infect Dis
182:260-265, 2000.

van den Biggelaar AH, Lopuhaa C, van Ree R, et al. The
prevalence of parasite infestation and house dust mite sensiti-
zation in Gabonese schoolchildren. Int Arch Allergy Immunol
126:231-238, 2001.

van den Biggelaar AH, Rodrigues LC, van Ree R, et al. Long-
term treatment of intestinal helminths increases mite skin-test
reactivity in Gabonese schoolchildren. ] Infect Dis 189:892-900,
2004.

Waser M, von Mutius E, Riedler J, et al. Exposure to pets, and
the association with hay fever, asthma, and atopic sensitization
in rural children. Allergy 60:177-184, 2005.

Strachen DP. Hay fever, hygiene, and household size. BM]
299:1259-1260, 1989.

von Mutius E. Allergies, infections and the hygiene hypothe-
sis—The epidemiological evidence. Immunobiology 212:433-
439, 2007.

Yazdanbakhsh M, van den Biggelaar A, and Maizels RM. Th2
responses without atopy: Immunoregulation in chronic hel-
minth infections and reduced allergic disease. Trends Immunol
22:372-377, 2001.

Mosmann TR, Cherwinski H, Bond MW, et al. Two types of
murine helper T cell clone. I. Definition according to profiles of
lymphokine activities and secreted proteins. ] Immunol 136:
2348-2357, 1986.

Yazdanbakhsh M, Kremsner PG, and van Ree R. Allergy, par-
asites, and the hygiene hypothesis. Science 296:490-494, 2002.
Wohlleben G, Trujillo C, Miiller J, et al. Helminth infection
modulates the development of allergen-induced airway inflam-
mation. Int Immunol 16:585-596, 2004.

Wilson MS, Taylor MD, Balic A, et al. Suppression of allergic
airway inflammation by helminth-induced regulatory T cells. J
Exp Med 202:1199-1212, 2005.

Kitagaki K, Businga TR, Racila D, et al. Intestinal helminths
protect in a murine model of asthma. ] Immunol 177:1628-1635,
2006.

Araujo MI, Lopes AA, Medeiros M, et al. Inverse association
between skin response to aeroallergens and Schistosoma mansoni
infection. Int Arch Allergy Immunol 123:145-148, 2000.

van den Biggelaar AH, van Ree R, Rodrigues LC, et al. De-
creased atopy in children infected with Schistosoma haemato-
bium: A role for parasite-induced interleukin-10. Lancet 356:
1723-1727, 2000.

Nyan OA, Walraven GE, Banya WA, et al. Atopy, intestinal
helminth infection and total serum IgE in rural and urban adult
Gambian communities. Clin Exp Allergy 31:1672-1678, 2001.

Allergy and Asthma Proceedings

19.

20.

2l

223

23}

24.

25;

26.

275

28.

29

30.

31.

o2

38,

34.

35.

36.

37.

38.

Sk

Fox JG, Beck P, Dangler CA, et al. Concurrent enteric helminth
infection modulates inflammation and gastric immune re-
sponses and reduces Helicobacter-induced gastric atrophy. Nat
Med 6:536-542, 2000.

Hagel I, Di Prisco MC, Goldblatt J, and Le Souéf PN. The role of
parasites in genetic susceptibility to allergy: IgE, helminthic
infection and allergy, and the evolution of the human immune
system. Clin Rev Allergy Immunol 26:75-83, 2004.

National Center for Biotechnology Information (n.d.) Basic local
assignment search tool. www.blast.ncbi.nlm.nih.gov

National Center for Biotechnology Information (n.d.) Entrez:
The life sciences search engine. www.ncbi.nlm.nih.gov/sites/
gqueny;

National Center for Biotechnology Information (n.d.) The sta-
tistics of sequence of similarity scores. www.ncbi.nlm.nih.gov/
BLAST /tutorial / Altschul-1.html

Rook GA. Hygiene hypothesis and autoimmune diseases. Clin
Rev Allergy Immunol 42:5-15, 2012.

Cardoso LS, Oliveira SC, Gées AM, et al. Schistosoma mansoni
antigens modulate the allergic response in a murine model of
ovalbumin-induced airway inflammation. Clin Exp Immunol
160:266—-274, 2010.

Tang L, Chen Y, Wang L, et al. Identification and characteriza-
tion of peptides mimicking the epitopes of metalloprotease of
Schistosoma japonicum. Cell Mol Immunol 2:219-223, 2005.
Santiago HC, Leevan E, Bennuru S, et al. Molecular mimicry
between cockroach and helminth glutathione S-transferase pro-
motes cross-reactivity and cross-sensitization. ] Allergy Clin
Immunol 130:248-256.e9, 2012.

Santos AB, Rocha GM, Oliver C, et al. Cross-reactive IgE anti-
body responses to tropomyosins from Ascaris lumbricoides and
cockroach. J Allergy Clin Immunol 121:1040-1046.e1, 2008.
Santiago HC, Bennuru S, Boyd A, et al. Structural and immu-
nologic cross-reactivity among filarial and mite tropomyosin:
Implications for the hygiene hypothesis. ] Allergy Clin Immu-
nol 127:479-486, 2011.

Santiago HC, Bennuru S, Ribeiro JM, and Nutman TB. Struc-
tural differences between human proteins and aero- and micro-
bial allergens define allergenicity. PLoS One 7:e40552, 2012.
Pancholi V. Multifunctional alpha-enolase: Its role in diseases.
Cell Mol Life Sci 58:902-920, 2001.

Arnon R, Tarrab-Hazdai R, and Steward M. A mimotope pep-
tide-based vaccine against Schistosoma mansoni: Synthesis and
characterization. Immunology 101:555-562, 2000.

Paschinger K, Fabini G, Schuster D, et al. Definition of immu-
nogenic carbohydrate epitopes. Acta Biochim Pol 52:629-632,
2005.

DeMarco R, Mathieson W, Dillon GP, and Wilson RA. Schisto-
some albumin is of host, not parasite, origin. Int ] Parasitol
37:1201-1208, 2007.

Sereda MJ, Hartmann S, and Lucius R. Helminths and allergy:
The example of tropomyosin. Trends Parasitol 24:272-278, 2008.
Blackwell AD, Gurven MD, Sugiyama LS, et al. Evidence for a
peak shift in a humoral response to helminths: Age profiles of
IgE in the Shuar of Ecuador, the Tsimane of Bolivia, and the U.S.
NHANES. PLoS Negl Trop Dis 5:21218, 2011.

Ripa C, Bahnea RG, Cojocaru I, et al. Sensitization to ascaris
lumbricoides and asthma severity in children [in Romanian].
Rev Med Chir Soc Med Nat Iasi 115:387-391, 2011.

Daschner A, Cuéllar C, and Rodero M. The Anisakis allergy
debate: Does an evolutionary approach help? Trends Parasitol
28:9-15, 2012.

Zhao Y, Zhang S, Jiang L, et al. Preventive effects of Schistosoma
japonicum ova on trinitrobenzenesulfonic acid-induced colitis
and bacterial translocation in mice. ] Gastroenterol Hepatol
24:1775-1780, 2009.

101



40.

41.

43.

44,

45,

46.

47.

48.

49.

50.

102

Flores I, Mora C, Rivera E, et al. Cloning and molecular char-
acterization of a cDNA from Blomia tropicalis homologous to
dust mite group 3 allergens (trypsin-like proteases). Int Arch
Allergy Immunol 130:12-16, 2003.

Orton SM, Arasu P, and Hammerberg B. A novel gene from
Brugia sp. that encodes a cytotoxic fatty acid binding protein
allergen recognized by canine monoclonal IgE and serum IgE
from infected dogs. ] Parasitol 93:1378-1387, 2007.

Schopf L, Luccioli S, Bundoc V, et al. Differential modulation of
allergic eye disease by chronic and acute ascaris infection. In-
vest Ophthalmol Vis Sci 46:2772-2780, 2005.

Hagel I, Lynch NR, Pérez M, et al. Modulation of the allergic
reactivity of slum children by helminth infection. Parasite Im-
munol 15:311-315, 1993.

Scrivener S, Yemaneberhan H, Zebenigus M, et al. Independent
effects of intestinal parasite infection and domestic allergen
exposure on risk of wheeze in Ethiopia: A nested case-control
study. Lancet 358:1493-1499, 2001.

Arruda LK, and Santos AB. Immunologic responses to common
antigens in helminthic infections and allergic disease. Curr
Opin Allergy Clin Immunol 5:399-402, 2005.

Grove DI, Burston TO, and Forbes IJ. Fall in IgE levels after
treatment for hookworm. Clin Exp Immunol 18:565-569, 1974.
Feary JR, Venn AJ, Mortimer K, et al. Experimental hookworm
infection: A randomized placebo-controlled trial in asthma. Clin
Exp Allergy 40:299-306, 2010.

Feary ], Venn A, Brown A, et al. Safety of hookworm infection
in individuals with measurable airway responsiveness: A ran-
domized placebo-controlled feasibility study. Clin Exp Allergy
39:1060-1068, 2009.

Jackson JA, Friberg IM, Little S, and Bradley JE. Review series
on helminths, immune modulation and the hygiene hypothesis:
Immunity against helminths and immunological phenomena in
modern human populations: Coevolutionary legacies? Immu-
nology 126:18-27, 2009.

Wills-Karp M, Santeliz J, and Karp CL. The germless theory of
allergic disease: Revisiting the hygiene hypothesis. Nat Rev
Immunol 1:69-75, 2001.

51.

o2.

53]

54.

55.

56.

57.

58.

59

60.

61.

62.

Stene LC, and Nafstad P. Relation between occurrence of type 1
diabetes and asthma. Lancet 357:607-608, 2001.

Elliott DE, Urban JF, Argo CK, and Weinstock JV. Does the
failure to acquire helminthic parasites predispose to Crohn’s
disease? FASEB ] 14:1848-1855, 2000.

Edwards L], and Constantinescu CS. A prospective study of
conditions associated with multiple sclerosis in a cohort of 658
consecutive outpatients attending a multiple sclerosis clinic.
Mult Scler 10:575-581, 2004.

McGuirk P, and Mills KH. Pathogen-specific regulatory T cells
provoke a shift in the Th1/Th2 paradigm in immunity to infec-
tious diseases. Trends Immunol 23:450-455, 2002.

Oliveira RR, Gollob K], Figueiredo JP, et al. Schistosoma man-
soni infection alters co-stimulatory molecule expression and cell
activation in asthma. Microbes Infect 11:223-229, 2009.
Pritchard DI, Blount DG, Schmid-Grendelmeier P, and Till
SJ. Parasitic worm therapy for allergy: Is this incongruous
or avant-garde medicine? Clin Exp Allergy 42:505-512,
2012.

Capron M. Effect of parasite infection on allergic disease. Al-
lergy 66(suppl 95):16-18, 2011.

Danitowicz-Luebert E, O'Regan NL, Steinfelder S, and Hart-
mann S. Modulation of specific and allergy-related immune
responses by helminths. J Biomed Biotechnol 2011:821578,
2011.

Rook GA. Hygiene and other early childhood influences on the
subsequent function of the immune system. Dig Dis 29:144-153,
2011.

Cardoso LS, Oliveira SC, and Araujo MI. Schistosoma mansoni
antigens as modulators of the allergic inflammatory response in
asthma. Endocr Metab Immune Disord Drug Targets 12:24-32,
2012.

Fitzsimmons CM, and Dunne DW. Survival of the fittest: Aller-
gology or parasitology? Trends Parasitol 25:447-451, 2009.
Flohr C, Quinnell R], and Britton J. Do helminth parasites
protect against atopy and allergic disease? Clin Exp Allergy
39:20-32, 2009. O

January-February 2013, Vol. 34, No. 1



Copyright of Allergy & Asthma Proceedings is the property of OceanSide Publications Inc. and its content may
not be copied or emailed to multiple sites or posted to a listserv without the copyright holder's express written
permission. However, users may print, download, or email articles for individual use.



