
Molecular mimicry between cockroach and helminth glutathione

S-transferases promotes crossreactivity and cross-sensitization

Helton Santiago, MD, PhDa, Elyse LeeVan, BAa, Sasisekhar Bennuru, PhDa, Flavia Ribeiro-
Gomes, PhDa, Ellen Mueller, BAb, Mark Wilson, PhDa, Thomas Wynn, PhDa, David
Garboczi, PhDc, Joseph Urban, PhDd, Edward Mitre, MDb, and Thomas B. Nutman, MD
aThe Laboratory of Parasitic Diseases, National Institute of Allergy and Infectious Diseases,

National Institutes of Health, Bethesda, Maryland, USA

bDepartment of Microbiology and Immunology, Uniformed Services University of the Health

Sciences, Bethesda, Maryland, USA

cLaboratory of Immunogenetics, National Institute of Allergy and Infectious Diseases, National

Institutes of Health, Rockville, Maryland, USA

dDiet, Genomics, and Immunology Laboratory, Beltsville Human Nutrition Research Center,

Agricultural Research Service, U.S. Department of Agriculture, Beltsville, Maryland, USA

Abstract

Background—The extensive similarities between helminth proteins and allergens are thought to
contribute to helminth-driven allergic sensitization.

Objective—To investigate the cross-reactivity between a major glutathione-S transferase (GST)
allergen of cockroach (Bla g 5) and the GST of Wuchereria bancrofti (WbGST), a major
lymphatic filarial pathogen of humans.

Methods—We compared the molecular and structural similarities between Bla g 5 and WbGST
by in silico analysis and by linear epitope mapping. Levels of IgE, IgG and IgG4 antibodies were
measured in filarial-infected and –uninfected patients. Mice were infected with Heligmosomoides
bakeri (Hb) and skin tested for cross-reactive allergic responses.

Results—These two proteins are 30% identical at the amino acid level with remarkable
similarity in the N-terminal region and overall structural conservation based on predicted three-
dimensional models. Filarial infection was associated with IgE, IgG, and IgG4 anti-Bla g 5 Ab
production, with a significant correlation between Abs (irrespective of isotype) to Bla g 5 and
WbGST (P < 0.0003). Pre-incubation of sera from cockroach allergic subjects with WbGST
partially depleted (by 50 to 70%) anti-Bla g 5 IgE, IgG, and IgG4 Abs. IgE epitope mapping of
Bla g 5 revealed that two linear N-terminal epitopes are highly conserved in WbGST
corresponding to Bla g 5 peptides partially involved in the inhibition of WbGST binding. Finally,
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mice infected with Hb developed anti-HbGST IgE and showed immediate type skin test reactivity
to Bla g 5.

Conclusion—These data demonstrate that helminth GST and the aeroallergen Bla g 5 share
epitopes that can induce allergic cross-sensitization.
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INTRODUCTION

Epidemiologic and experimental evidence suggests that helminth infections have a general
ability to modulate allergic disease 1–5 through both parasite-induced IL-10 and the
expansion of natural regulatory T cells (nTregs) 6–9. Other studies, however, have shown
that helminth infections may be associated with increased allergic manifestations 10–12,
perhaps related to the Th2-dominated environment induced by the parasites 13 and/or the
potential crossreactivity among allergens and helminth proteins 14. Indeed, crossreactivity
between helminth tropomyosin and allergenic tropomyosin from mites and cockroaches has
been described 15–17. Although crossreactivity among tropomyosins has dominated the
discussion about helminth-aeroallergen crossreactivity 18, several other allergens have
orthologues in helminths 19 that may be involved in cross sensitization.

In the present study, we investigated the crossreactivity among allergenic glutathione S-
transferases (GST) and those in pathogenic helminths. GSTs play a variety of physiologic
roles including detoxification of toxins, protection from oxidative stress, and eicosanoid
metabolism 20. The cytosolic GSTs can be subdivided into different classes (alpha, mu, pi,
sigma, delta, nu, and others) each of which contain two basic structural motifs: an N-
terminal thioredoxin motif and a C-terminal GST motif that is involved in formation of the
H-site (a hydrophobic pocket that binds substrate). The sequence variability of the C-
terminal GST motif confers species specificity to the molecule, making it a target of drug
development for allergic diseases, cancer treatment, and parasitic infections 20 including
vaccines.

Although GSTs are important helminth vaccine candidates 21–23, GSTs are known to be
strong inducers of IgE. For example, the GST of the cockroach Blattella germanica (Bla g 5)
is a major cockroach allergen, being an allergen inducing IgE in 30% to 71% of those with
cockroach allergies 24–26. Moreover, GST is a common allergen of house dust mite (HDM)
— with IgE anti-GST being found in up to 96% of HDM allergic populations 27, 28.

The present study demonstrates marked similarities at the amino acid (aa) and structural
level between filarial (and other helminth) GST and the major cockroach allergen Bla g 5.
We have mapped the linear crossreactive epitopes in humans and have shown their
involvement in the structural basis for this crossreactivity. Moreover, we have used mice
infected with intestinal nematode Heligmosomoides bakeri (Hb) to demonstrate
unequivocally that helminth infections induce parasite-specific IgE that sensitizes mice to
Bla g 5. These data suggest that helminth infection promotes cross-sensitization to common
allergens through molecular mimicry.

METHODS

Patients and sera

Sera from well characterized filaria-infected (Fil+) individuals were utilized in this study.
All patients were seen by the Clinical Parasitology Section of the Laboratory of Parasitic

Santiago et al. Page 2

J Allergy Clin Immunol. Author manuscript; available in PMC 2013 July 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Diseases under protocols approved by the Institutional Review Board of the NIAID and
registered (NCT00001230; NCT00001645). The Fil+ group in this study was composed of
47 patients with Loa loa (n=37), O. volvulus (n=6), or W. bancrofti (n=4). Among the 47, 39
were temporary residents of or travelers to filarial-endemic regions, while 8 were indigenous
to these same regions. Sera from 29 filaria-uninfected (Fil−; normal) individuals were
obtained from the Department of Transfusion Medicine, Clinical Center, NIH, under
protocols approved by the Clinical Center, NIH IRB.

All sera were tested for IgE to common allergens using Phadiatop® technology (Phadia,
Uppsala, Sweden). Serum samples with levels below 0.35 kUA/l were considered negative
and categorized as non-atopic. Sera from Phadiatop®-positive subjects were further tested
for cockroach-specific IgE using an Immunocap™ assay specific for Blattella germanica
(Bla g) (Phadia). Individuals positive for Bla g(levels above 0.35 kUA/l) were considered
atopic for cockroach. Based on these data, the 76 subjects were divided into four groups
based on their cockroach allergy and filarial infection status: 1) Fil− and non-atopic, Ni–NA;
n = 15 individuals; 2) Fil− and atopic, Ni–A; n = 14; 3) Fil+ and non-atopic, Fil+NA; n = 11;
and 4) Fil+ and atopic, Fil+A; n = 36.

Antigens and peptides

cDNA encoding the GSTs of B. germanica (Bla g 5) or W. bancrofti (WbGST) were cloned
into bacmids. Transformed baculoviruses were used to infect Hi5 cells for expression of Bla
g 5 or WbGST. Cell lysates and supernatants were purified on glutathione columns. The
purities of Bla g 5 and WbGST were assessed by SDS-PAGE. Some experiments utilized
recombinant Bla g 5 purchased from Indoor Biotechnologies Inc. (Charlottesville, VA).
Recombinant Bla g 4 was purchased from Indoor Biotechnologies Inc.

A library of 40 peptides with purities greater than 80% that spanned the entire length of Bla
g 5 (Table E1) was synthesized by Mimotope. Each peptide was 15 aa residues in length and
overlapped adjoining peptides by 10 residues. Peptide #31 could not be purified and was not
used in the experiments. Peptides were dissolved in HPLC-grade DMSO (Fisher Scientific,
Pittsburg, PA) at 10 mg/ml to produce stock solutions and were kept at −40°C until used.

Epitope mapping

An array of 39 overlapping peptides and the full-lengh Bla g 5 was blotted onto PVDF
membranes using a 96-well mini-fold dot blotter (Schleicher & Schuell, Inc., Riviera
Beach , FL). After vacuum aspiration, air drying and blocking, membranes were incubated
with six positive and two negative sera, depleted of IgG by incubation with protein G beads
(GE Biotechnologies, Piscataway, NJ), diluted 1:25 in PBS-milk 5%. Membranes were then
incubated with goat anti-human IgE (R&D, Minneapolis, MN), followed by peroxidase-
conjugated rabbit anti-goat IgG, or peroxidase-conjugated anti-human IgG (Jackson
ImmunoResearch, West Grove, PA) and developed with enhanced chemiluminescence
substrate (Amersham- GE Biotechnologies, Piscataway, NJ) according to the manufacture's
recommendations.

ELISA for Bla g 5 and WbGST

Measurements of Bla g 5, Bla g 4 and WbGST Abs were performed by ELISA as previously
described 16. Geometric mean (GM) + 3 SD of the Ab levels of the Ni-NA group were used
to set cut-off values to identify individuals positive and negative for Abs to Bla g 5, Bla g 4
and to WbGST.
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Depletion ELISA

Depletion ELISA was performed as previously described 16 using Bla g 5, WbGST, or a
nonrelated recombinant antigen (OvTropomyosin) to capture specific antibodies and coated
plates to measure the level of depletion.

Inhibition ELISA

Sera samples from infected and non-infected subjects that were IgE and IgG positive for Bla
g 5 and WbGST were incubated overnight with 20 μg in 0.1 mL of selected peptides (Pep 2,
Pep 7, Peps 12–13, Peps 22–23, and Peps 27–29) dissolved in DMSO (diluted in 1% BSA/
PBS from 10 mg/mL stock). Full-length Bla g 5, or WbGST in DMSO at 2% v/v was used
as positive controls and 2% DMSO was used as negative control. The following day sera
were transferred to plates coated with Bla g 5 or WbGST and developed for IgE Ab
reactivity. To increase the sensitivity of the IgE-based assays, these sera were depleted of
IgG by protein-G incubation (GE Healthcare, Piscataway, NJ).

3-D modeling

3-D structural models of Bla g 5 and WbGST were constructed by homology modeling with
GST sigma from Drosophila melanogaster (DmGST1-1; Acc. No P41043, PDB 1m0u) 29

and GST of O. volvulus (OvGST2; Acc. No P46427, PDB 1tu7) 30 using the Protein Model
Portal (http://www.proteinmodelportal.org/) 31. The 3-D crystal structure of H. bakery GST
2 (HbGST2; PDB 1tw9) 32 was used to compare with the models predicted for Bla g 5 and
WbGST (Fig E2 and Table E3). Molecular visualization of each model and 3-D alignment
were performed using Swiss-pdb viewer (http://www.expasy.org/spdbv/).

Sequence alignment and phylogenetic tree

Lasergene MegAlign (DNAStar, Inc.) was used to compare the sequences of WbGST, Bla g
5, and HbGST2, and with themselves or with the protein sequences from other GST
allergens of HDMs, cockroaches, and fungus (Table E4). Pair-wise or multiple-sequence
alignments of the GSTs (Table E4) were performed using ClustalW (algorithmic Gonet
series) and used to construct the phylogenetic tree. Bootstrap values were calculated using
1000 bootstrap repetition and 111 random seeds.

Mouse infection and skin testing

BALB/c female mice, 6–8 wk old, were purchased from Jackson Laboratories, housed at an
Association for the Assessment and Accreditation of Laboratory Animal Care-approved
facility at the National Institute of Allergy and Infectious Diseases (NIAID) and studied
under an animal study proposal approved by the NIAID Animal Care and Use Committee.
Mice were inoculated per os using a gavage tube with 200 infective third-stage larvae (L3)
of Hb. Uninfected control mice (Ni) and mice infected with Hb for 30 d were skin tested.
Mouse ear swelling assays 33 with modifications was performed to evaluate skin sensitivity.
Mice were injected with 10 μg/10 μl of Bla g 4 (right ear) or Bla g 5 (left ear) and ear
thickness measured with a caliper before and 15, 30, and 60 min after allergen injection.
Alternatively, mice were injected i.v. with 200 μl of Evans' Blue solution (0.5%w/vol) 3
min after intradermal injection of the allergens and euthanized 15 min later. Ears were
collected and the Evans’ Blue dye extracted in formamide overnight at 63°C and quantified
in a spectrophotometer at 620 nm.

Statistical analysis

GraphPad Prism v5.0 (GraphPad Software Inc., San Diego, California) was used for all of
the statistical analyses (one-tailed Fisher’s exact test, relative risks [RR] and odds ratios
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[OR] with confidence intervals [CI], Spearman rank correlation and Wilcoxon matched-
pairs signed rank test).

RESULTS

Bla g 5 and WbGST display related sequence and structure

We investigated the similarities between the cockroach GST allergen (Bla g 5) and a filarial
GST from W. bancrofti (Fig 1). The sequences of Bla g 5 and WbGST were found to be
closely related (30% identical, 47% similar) (Fig 1, A). Importantly, the N-terminal region
of Bla g 5 and WbGST had a 41% identity over an 80-aa window, which classify them as
“likely to crossreact” (WHO criteria 34). Phylogenetic analysis that included multiple
allergenic GSTs demonstrated that the WbGST clusters closely with Bla g 5 (Fig 1, B).
Moreover, the predicted 3-D structures of Bla g 5 and WbGST showed that both GSTs—
although from different GST families (sigma and pi)—had well conserved structures,
especially in the N-terminal domain (Fig 1, C).

Abs to Bla g 5 crossreact with WbGST

To address the crossreactivity between filarial GST and Bla g 5, sera from filaria-positive
(Fil+) and filaria-negative (Fil−) individuals were subdivided into cockroach allergic or non-
allergic based on specific reactivity to cockroach (B. germanica) extract giving four groups:
1) Fil−, non-atopic (Ni-NA); 2) Fil−, atopic (Ni-A); 3) Fil+, non-atopic (Fil+NA); and 4)
Fil+, atopic (Fil+A). Levels of GST-specific IgE, IgG, and IgG4 were then assessed (Fig 2,
A). As can be seen, filarial infection (irrespective of atopic status) was associated with
increased levels of IgE, IgG, and IgG4 Abs to both WbGST and Bla g 5. When the
prevalence of Bla g 5-specific Abs was assessed among the atopic individuals (Table I), the
presence of filarial infection was associated with increased reactivity to Bla g 5. Indeed, the
prevalence of GST-specific IgE was 28.6% (4/14) in the Ni-A group compared with 63.9%
(23/36) in the Fil+A group (P = 0.026). For the anti-GST IgG, the prevalence increased from
14.3% (2/14) to 69.4% (25/36) (P = 0.0005), and for anti-GST IgG4, there was an increase
in prevalence from 14.3% (2/14) to 45% (17/36) (P = 0.0302) when Ni-A and Fil+A were
compared (Table I). Thus, the Fil+ individuals had significantly increased likelihoods of
being positive for Bla g 5-specific IgE (RR of 2.9; OR = 4.4) and IgG (RR of 7.0; OR =
13.6) and IgG4 (OR = 5.3) (Table I). When similar analysis was performed for Bla g 4 (a
different cockroach allergen that does not have a parasite orthologue) no significant
association between infection status and antibody levels was found. For example: Ni-A and
Fil+A showed 8.3% and 31% of anti-Bla g 4 IgE prevalence (P=0.102), respectively, and
8.3% and 25% (P=0.199) for IgG. Furthermore, a positive correlation was found between
levels of the IgE, IgG, and IgG4 anti-WbGST Abs and the respective levels of anti-Bla g 5
(IgE, r = 0.38 and P = 0.0003; IgG, r = 0.68 and P < 0.0001; and IgG4, r = 0.52 and P <
0.0001) (Fig 2, B).

To test more specifically the crossreactivity between the two GST proteins, depletion
analyses were performed (Fig 3). Pre-incubation of cockroach GST positive sera with
WbGST was able to deplete 70% of Bla g 5-specific IgE, IgG, and IgG4, whereas pre-
incubation with a recombinant, structurally unrelated filarial control protein known also to
be allergenic (OvTropomyosin) 16 failed to deplete Bla g 5-specific Abs. Incubation of sera
with full-length Bla g 5 or WbGST was able to inhibit the IgE binding to both proteins, but
the data suggested that the cross-reactivity was not complete (data not shown).
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Involvement of two N-terminal linear epitopes in crossreactivity between Bla g 5 and
WbGST

To investigate if linear epitopes were involved in the molecular basis of Bla g 5/WbGST
crossreactivity, overlapping peptides (15 mers) covering the full length of Bla g 5 (Table E1)
were used to map the epitopes involved in IgE and IgG binding (Fig 4) with sera of 4 filaria-
infected (S#1,2,5 and 6) and 2 non-infected subjects (S#3 and 4). As seen, four linear
regions of Bla g 5 were identified that were reactive to both IgG and IgE: two regions in the
N-terminal domain (peptide 7, aa residues 31–45 and peptides 12–13, aa residues 56–75)
and two regions in the C-terminal domain (peptides 22–23, aa residues 106–125 and
peptides 27–29, aa residues 131–155). Three of the regions (Pep 7, Peps 12–13, and Peps
22–23) corresponded to exposed regions of Bla g 5 that were predicted to be antigenic (Fig
4, B). There was strong reactivity to Pep 7 in 3/6 for IgE and 4/6 positive for IgG (Fig 4, A).
Four of six had a weak signal to Peps 12–13 for IgE, but for IgG there was strong reactivity.
The region of the molecule corresponding to Peps 22–23, predicted to be highly antigenic
(Fig 4, B), had weak but measurable reactivity for IgE (in 3/6) and IgG (in 4/6) (Fig 4, A).
Surprisingly, there was consistent binding of IgE (2/6) and IgG (6/6) to Peps 27–29, a region
predicted to be poorly antigenic. We next mapped the four antigenic regions to 3-D models
of Bla g 5 (Fig E1 and Table E2) and compared them to the corresponding regions in the 3-
D model of WbGST (Fig E2 and Table E3). Peptides 7 and 12–13 were found to be highly
conserved between Bla g 5 and WbGST with 40% sequence identity and Carbon-alpha root
square mean difference of 2.4 Å and 1.7 Å, respectively, at the structural level.

Each of the antigenic peptides was clearly able to partially inhibit the binding of IgE from
infected individuals to Bla g 5 (Fig 5A). For example, peptide 7, peptides 12–13, peptides
22–23 and peptides 27–29 were able to inhibit the binding of IgE to plate immobilized Bla g
5 (P<0.04). In contrast, peptide 2 that was not recognized by any of the subjects tested could
not inhibit binding at all. The fact the peptides could not inhibit completely IgE binding to
Bla g 5 suggests that both non-linear conformational and linear (possibly conformational)
epitopes are involved in the IgE response to this allergen. In the present study, we examined
the role played by these linear regions in the cross-reactivity to WbGST. When the peptides
were used to inhibit the WbGST ELISA, only peptide 7 and peptides 12–13 could inhibit
IgE binding suggesting that the other peptides are not relevant for cross-reactivity. Relevant
non-linear conformational epitopes could not be evaluated in this study.

Conversely, using sera from filaria-infected patients (Fig E3) or Bla g sensitized mice (ip
immunizations) (Fig E4) in an inhibition ELISA to verify the specificity of the cross-
reactivity, we were able to show that peptides from WbGST and HpGST-2 corresponding to
the Bla g 5 peptides 7 and 12–13 could inhibit anti-Bla g 5 IgE equally well (Fig E3 and
E4). In addition, Bla g 5 and HpGST peptides could also inhibit the WbGST human IgE
ELISA (Fig E3B).

Helminth infection can induce cross-sensitization in mice

To assess whether helminth infection could induce crossreactive IgE and cause cross-
sensitization in vivo, we infected BALB/c mice with Heligmosomoides bakeri (Hb), a
parasite that contains a GST (HpGST-2) that is 32% identical (50% similar) to Bla g 5 and
contains conserved sequences to the linear epitopes mapped for Bla g 5 (Fig E2 and Table
E3), and likely also shows conserved conformational epitopes. More importantly, mice
infected with Hb developed IgE to Bla g 5 (and not to an unrelated cockroach antigen, Bla g
4) (Fig 6, A); further this IgE mediated immediate-type hypersensitivity responses as
measured intradermally administered antigen (Bla g 5 in one ear or Bla g 4 in the
contralateral ear). Hb-infected mice developed immediate hypersensitivity reactions to Bla g
5 but not to Bla g 4 (Fig 6, B). To confirm this finding, skin-tested animals were injected
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with Evans' blue dye i.v. 3–5 min after intradermal injection, and dermal edema was
assessed by dye leakage (Fig 6, C). As seen, Hb-infected mice challenged with Bla g 5 had
clear evidence of vascular leakage, whereas Bla g 4 (in the context of Hb infection) failed to
induce an immediate hypersensitivity reaction. This was not due to a failure of Bla g 4 to
induce sensitization, as mice sensitized (by i.p. immunizations) to either Bla g 4 or Bla g 5
could mount an immediate hypersensitivity response to the homologous antigen challenge
(data not shown). As can also be observed in Fig 6, C, uninfected (Ni) mice reacted to
neither Bla g 5 nor Bla g 4.

DISCUSSION

Although the “Hygiene Hypothesis” 35 suggests that a decrease in helminth (and/or other)
infections may be responsible for the global increase in allergic diseases, there are data to
show helminth infection can actually increase the risk for atopic disease 10–12 and
asthma 35–38. One concept that has emerged—in an attempt to understand the allergy-
promoting capacity of certain helminth infections—has been the induction of parasite-
specific IgE responses that can crossreact with allergens (particularly aeroallergens), thereby
inducing allergic effector responses 14–16, 19, 39.

In regions of the world that are highly endemic for parasitic worm infections, cockroach and
HDM are responsible for the overwhelming majority of aeroallergen
sensitization 10, 11, 40, 41. Among the 10 defined allergens of cockroach in the WHO/OIUIS
Allergen Nomenclature Database (www.allergen.org), GSTs (especially Bla g 5) are among
the important cockroach allergens 24, 42. Although the GSTs studied here belong to different
families—Bla g 5 is a GST sigma, while WbGST and HbGST2 are GSTs pi and nu—they
are evolutionarily related 43. Immunologic crossreactivity for GSTs of different families that
are evolutionarily conserved, although considered to be rare 43, 44, has been demonstrated
for Der p 8 (a HDM GST mu) and Bla g 5 (GST sigma) 27. We found by in silico analysis of
Bla g 5 and WbGST that the N-terminal motif of WbGST displayed 41% identity over an
80-aa residue span, fulfilling the WHO paradigm used to predict crossreactivity 34. In
addition, the 3-D modeling onto which the allergenic linear epitopes were mapped (Fig E2)
provided further molecular and structural basis for the crossreaction seen.

Aeroallergens such as Bla g 5, in contrast with food allergens that tend to have mostly linear
epitopes due to proteolytic digestion of the antigen, have primarily conformational epitopes
displayed on the surface of the protein. Of note, some linear epitopes can also be
conformational if that sequence is surface-exposed 45, and, perhaps, this is the case of the
linear epitopes identified in this study for Bla g 5. Because the peptides identified as IgE
epitopes were unable to completely inhibit IgE binding to Bla g or WbGST, our data
suggests that conformational epitopes are quite important, as suggested by the difference in
the potency of ELISA inhibition between the entire protein and the peptides. Nevertheless
our results suggest that the N-terminal portion of Bla g 5, the most conserved region of the
molecule, was likely to be the primary regioninvolved in the crossreactivity to WbGST.
These data agree with data from epitope mapping of the bovine filarial parasite Setaria cervi
GST that has recently shown that the N-terminal end was highly immunogenic 46. Because
our data suggest only partial crossreactivity (i.e., WbGST could not inhibit completely anti-
Bla g 5 Abs), we conclude that Bla g 5-specific Abs are comprised of both crossreactive and
non-crossreactive Abs. The non-crossreactive Abs may be directed to a less conserved
portion of the molecules or may reflect small differences in the peptide structure or in non-
linear conformational epitopes.

The most important finding in the present study was the demonstration that this induction of
crossreactive, allergen-specific IgE could be recapitulated in vivo using a model of a rodent
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gastrointestinal nematode in BALB/c mice. We were able to show that this helminth
infection induced crossreactive anti-Bla g 5 IgE that mediated skin sensitivity (immediate
hypersensitivity reactions) to Bla g 5, but not to Bla g 4 (a non-orthologous cockroach
allergen). The use of Bla g 4 was important to exclude the possibility of helminth-induced
polyclonal IgE activation through a Th2-skewed immune response that could induce
indiscriminate allergic sensitization 47, 48. Our data suggest that cross-sensitization was
based primarily on the identity/similarity of the proteins of the parasite to their aeroallergen
orthologues.

Cross-sensitization may have important implications for understanding the hygiene
hypothesis 16 and to helminth-associated allergy 14. We show that parasite can induce
crossreactive IgE with possible implications of cross-sensitization in vivo that may have
significant implications for vaccine development against helminth parasites as suggested by
the allergic reactivity (related to the presence of pre-existing IgE to the vaccine protein) to a
first generation hookworm vaccine 22. Because GSTs are potential vaccine candidates for S.
mansoni 21, N. americanus 22, 49 and W. bancrofti 23, not only is the presence of pre-existing
vaccine-specific IgE of concern, but also is the potential for cross reactions to aeroallergen
(e.g. cockroach) orthologues.

Together, our data demonstrating induction of crossreactive allergen-specific Abs by
helminth infection in both humans and experimentally infected mice clearly help to
understand the conflicting data that have emerged in the study of the helminth/allergy
interface. Not only have we provided a structural basis for the induction of crossreactive
Abs, but we have also identified concerns that must be addressed in terms of allergy
epidemiology, vaccine development 22 and therapeutic approaches to allergic diseases.
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CI confidence interval

Bla g Blattella germanica

ELISA enzyme-linked immunosorbent assay

Fil+ filaria-infected

Fil− filaria-uninfected

Fil-A Fil+ and atopic

Fil-NA Fil+ and non-atopic

GM geometric mean

GST glutathione-S transferase

Hb Heligmosomoides bakeri

HDM house dust mite

HbGST-2 GST of H. bakeri
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IQR interquartile range

Ni-A Fil− and atopic

Ni-NA Fil− and non-atopic

nTreg natural regulatory T cell

OR odds ratio

SmGST GST of Schistosoma mansoni

WbGST GST of Wuchereria bancrofti

RR relative risk

References

1. Cooper PJ, Chico ME, Rodrigues LC, Ordonez M, Strachan D, Griffin GE, et al. Reduced risk of
atopy among school-age children infected with geohelminth parasites in a rural area of the tropics. J
Allergy Clin Immunol. 2003; 111:995–1000. [PubMed: 12743563]

2. Dittrich AM, Erbacher A, Specht S, Diesner F, Krokowski M, Avagyan A, et al. Helminth infection
with Litomosoides sigmodontis induces regulatory T cells and inhibits allergic sensitization, airway
inflammation, and hyperreactivity in a murine asthma model. J Immunol. 2008; 180:1792–9.
[PubMed: 18209076]

3. Flohr C, Tuyen LN, Lewis S, Quinnell R, Minh TT, Liem HT, et al. Poor sanitation and helminth
infection protect against skin sensitization in Vietnamese children: A cross-sectional study. J
Allergy Clin Immunol. 2006; 118:1305–11. [PubMed: 17157661]

4. Hagel I, Lynch NR, Perez M, Di Prisco MC, Lopez R, Rojas E. Modulation of the allergic reactivity
of slum children by helminthic infection. Parasite Immunol. 1993; 15:311–5. [PubMed: 8361773]

5. Maizels RM, Yazdanbakhsh M. Immune regulation by helminth parasites: cellular and molecular
mechanisms. Nat Rev Immunol. 2003; 3:733–44. [PubMed: 12949497]

6. Metenou S, Dembele B, Konate S, Dolo H, Coulibaly SY, Coulibaly YI, et al. At homeostasis
filarial infections have expanded adaptive T regulatory but not classical Th2 cells. J Immunol. 2010;
184:5375–82. [PubMed: 20357251]

7. Mitre E, Chien D, Nutman TB. CD4(+) (and not CD25+) T cells are the predominant
interleukin-10-producing cells in the circulation of filaria-infected patients. J Infect Dis. 2008;
197:94–101. [PubMed: 18171291]

8. Wilson MS, Taylor MD, Balic A, Finney CA, Lamb JR, Maizels RM. Suppression of allergic
airway inflammation by helminth-induced regulatory T cells. J Exp Med. 2005; 202:1199–212.
[PubMed: 16275759]

9. Yazdanbakhsh M, Wahyuni S. The role of helminth infections in protection from atopic disorders.
Curr Opin Allergy Clin Immunol. 2005; 5:386–91. [PubMed: 16131911]

10. Dold S, Heinrich J, Wichmann HE, Wjst M. Ascaris-specific IgE and allergic sensitization in a
cohort of school children in the former East Germany. J Allergy Clin Immunol. 1998; 102:414–20.
[PubMed: 9768582]

11. Hunninghake GM, Soto-Quiros ME, Avila L, Ly NP, Liang C, Sylvia JS, et al. Sensitization to
Ascaris lumbricoides and severity of childhood asthma in Costa Rica. J Allergy Clin Immunol.
2007; 119:654–61. [PubMed: 17336615]

12. Palmer LJ, Celedon JC, Weiss ST, Wang B, Fang Z, Xu X. Ascaris lumbricoides infection is
associated with increased risk of childhood asthma and atopy in rural China. Am J Respir Crit
Care Med. 2002; 165:1489–93. [PubMed: 12045121]

13. Anthony RM, Rutitzky LI, Urban JF Jr, Stadecker MJ, Gause WC. Protective immune mechanisms
in helminth infection. Nat Rev Immunol. 2007; 7:975–87. [PubMed: 18007680]

14. Caraballo L, Acevedo N. Allergy in the tropics: the impact of cross-reactivity between mites and
Ascaris. Front Biosci (Elite Ed). 2011; 3:51–64. [PubMed: 21196284]

Santiago et al. Page 9

J Allergy Clin Immunol. Author manuscript; available in PMC 2013 July 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



15. Acevedo N, Sanchez J, Erler A, Mercado D, Briza P, Kennedy M, et al. IgE cross-reactivity
between Ascaris and domestic mite allergens: the role of tropomyosin and the nematode
polyprotein ABA-1. Allergy. 2009; 64:1635–43. [PubMed: 19624559]

16. Santiago HC, Bennuru S, Boyd A, Eberhard M, Nutman TB. Structural and immunologic cross-
reactivity among filarial and mite tropomyosin: Implications for the hygiene hypothesis. J Allergy
Clin Immunol. 2011; 127:479–86. [PubMed: 21185070]

17. Santos AB, Rocha GM, Oliver C, Ferriani VP, Lima RC, Palma MS, et al. Cross-reactive IgE
antibody responses to tropomyosins from Ascaris lumbricoides and cockroach. J Allergy Clin
Immunol. 2008; 121:1040–6. e1. [PubMed: 18275995]

18. Sereda MJ, Hartmann S, Lucius R. Helminths and allergy: the example of tropomyosin. Trends
Parasitol. 2008; 24:272–8. [PubMed: 18450511]

19. Fitzsimmons CM, Dunne DW. Survival of the fittest: allergology or parasitology? Trends
Parasitol. 2009; 25:447–51. [PubMed: 19744885]

20. Hayes JD, Flanagan JU, Jowsey IR. Glutathione transferases. Annu Rev Pharmacol Toxicol. 2005;
45:51–88. [PubMed: 15822171]

21. Capron A, Capron M, Riveau G. Vaccine development against schistosomiasis from concepts to
clinical trials. Br Med Bull. 2002; 62:139–48. [PubMed: 12176856]

22. Hotez PJ, Bethony JM, Diemert DJ, Pearson M, Loukas A. Developing vaccines to combat
hookworm infection and intestinal schistosomiasis. Nat Rev Microbiol. 2010; 8:814–26. [PubMed:
20948553]

23. Veerapathran A, Dakshinamoorthy G, Gnanasekar M, Reddy MV, Kalyanasundaram R. Evaluation
of Wuchereria bancrofti GST as a vaccine candidate for lymphatic filariasis. PLoS Negl Trop Dis.
2009; 3:e457. [PubMed: 19513102]

24. Arruda LK, Vailes LD, Platts-Mills TA, Hayden ML, Chapman MD. Induction of IgE antibody
responses by glutathione S-transferase from the German cockroach (Blattella germanica). J Biol
Chem. 1997; 272:20907–12. [PubMed: 9252418]

25. Jeong KY, Jeong KJ, Yi MH, Lee H, Hong CS, Yong TS. Allergenicity of sigma and delta class
glutathione S-transferases from the German cockroach. Int Arch Allergy Immunol. 2009; 148:59–
64. [PubMed: 18716404]

26. Satinover SM, Reefer AJ, Pomes A, Chapman MD, Platts-Mills TA, Woodfolk JA. Specific IgE
and IgG antibody-binding patterns to recombinant cockroach allergens. J Allergy Clin Immunol.
2005; 115:803–9. [PubMed: 15806002]

27. Huang CH, Liew LM, Mah KW, Kuo IC, Lee BW, Chua KY. Characterization of glutathione S-
transferase from dust mite, Der p 8 and its immunoglobulin E cross-reactivity with cockroach
glutathione S-transferase. Clin Exp Allergy. 2006; 36:369–76. [PubMed: 16499649]

28. O'Neill GM, Donovan GR, Baldo BA. Glutathione S-transferase a major allergen of the house dust
mite, Dermatophagoides pteronyssinus. Immunol Lett. 1995; 48:103–7. [PubMed: 8719107]

29. Agianian B, Tucker PA, Schouten A, Leonard K, Bullard B, Gros P. Structure of a Drosophila
sigma class glutathione S-transferase reveals a novel active site topography suited for lipid
peroxidation products. J Mol Biol. 2003; 326:151–65. [PubMed: 12547198]

30. Perbandt M, Hoppner J, Betzel C, Walter RD, Liebau E. Structure of the major cytosolic
glutathione S-transferase from the parasitic nematode Onchocerca volvulus. J Biol Chem. 2005;
280:12630–6. [PubMed: 15640152]

31. Arnold K, Kiefer F, Kopp J, Battey JN, Podvinec M, Westbrook JD, et al. The Protein Model
Portal. J Struct Funct Genomics. 2009; 10:1–8. [PubMed: 19037750]

32. Schuller DJ, Liu Q, Kriksunov IA, Campbell AM, Barrett J, Brophy PM, et al. Crystal structure of
a new class of glutathione transferase from the model human hookworm nematode
Heligmosomoides polygyrus. Proteins. 2005; 61:1024–31. [PubMed: 16189827]

33. Proust B, Astier C, Jacquenet S, Ogier V, Magueur E, Roitel O, et al. A single oral sensitization to
peanut without adjuvant leads to anaphylaxis in mice. Int Arch Allergy Immunol. 2008; 146:212–
8. [PubMed: 18268389]

34. Organization FaA. Evaluation of allergenicity of genetically modified foods: Report of a joint
FAO/WHO expert consultation. Rome: 2001.

Santiago et al. Page 10

J Allergy Clin Immunol. Author manuscript; available in PMC 2013 July 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



35. Benicio MH, Ferreira MU, Cardoso MR, Konno SC, Monteiro CA. Wheezing conditions in early
childhood: prevalence and risk factors in the city of Sao Paulo, Brazil. Bull World Health Organ.
2004; 82:516–22. [PubMed: 15508196]

36. Hagel I, Cabrera M, Hurtado MA, Sanchez P, Puccio F, Di Prisco MC, et al. Infection by Ascaris
lumbricoides and bronchial hyper reactivity: an outstanding association in Venezuelan school
children from endemic areas. Acta Trop. 2007; 103:231–41. [PubMed: 17698018]

37. Lynch NR, Palenque M, Hagel I, DiPrisco MC. Clinical improvement of asthma after
anthelminthic treatment in a tropical situation. Am J Respir Crit Care Med. 1997; 156:50–4.
[PubMed: 9230725]

38. Takeuchi H, Zaman K, Takahashi J, Yunus M, Chowdhury HR, Arifeen SE, et al. High titre of
anti-Ascaris immunoglobulin E associated with bronchial asthma symptoms in 5-year-old rural
Bangladeshi children. Clin Exp Allergy. 2008; 38:276–82. [PubMed: 18070165]

39. Santos AB, Chapman MD, Aalberse RC, Vailes LD, Ferriani VP, Oliver C, et al. Cockroach
allergens and asthma in Brazil: identification of tropomyosin as a major allergen with potential
cross-reactivity with mite and shrimp allergens. J Allergy Clin Immunol. 1999; 104:329–37.
[PubMed: 10452753]

40. Cooper PJ, Chico ME, Bland M, Griffin GE, Nutman TB. Allergic symptoms, atopy, and
geohelminth infections in a rural area of Ecuador. Am J Respir Crit Care Med. 2003; 168:313–7.
[PubMed: 12714349]

41. Kim JS, Ouyang F, Pongracic JA, Fang Y, Wang B, Liu X, et al. Dissociation between the
prevalence of atopy and allergic disease in rural China among children and adults. J Allergy Clin
Immunol. 2008; 122:929–35. e4. [PubMed: 18805578]

42. Gore JC, Schal C. Cockroach allergen biology and mitigation in the indoor environment. Annu
Rev Entomol. 2007; 52:439–63. [PubMed: 17163801]

43. Sheehan D, Meade G, Foley VM, Dowd CA. Structure, function and evolution of glutathione
transferases: implications for classification of non-mammalian members of an ancient enzyme
superfamily. Biochem J. 2001; 360:1–16. [PubMed: 11695986]

44. Hayes JD, Mantle TJ. Use of immuno-blot techniques to discriminate between the glutathione S-
transferase Yf, Yk, Ya, Yn/Yb and Yc subunits and to study their distribution in extrahepatic
tissues. Evidence for three immunochemically distinct groups of transferase in the rat. Biochem J.
1986; 233:779–88. [PubMed: 3707525]

45. Pomés A. Relevant B Cell Epitopes in Allergic Disease. International Archives of Allergy and
Immunology. 2010; 152:1–11.

46. Yadav M, Liebau E, Haldar C, Rathaur S. Identification of major antigenic peptide of filarial
glutathione-S-transferase. Vaccine. 2011

47. Jarrett E, Bazin H. Elevation of total serum IgE in rats following helminth parasite infection.
Nature. 1974; 251:613–4. [PubMed: 4547380]

48. Urban JF Jr. Cellular basis of the non-specific potentiation of the immunoglobulin E response after
helminth parasite infection. Vet Parasitol. 1982; 10:131–40. [PubMed: 6982561]

49. Zhan B, Liu S, Perally S, Xue J, Fujiwara R, Brophy P, et al. Biochemical characterization and
vaccine potential of a heme-binding glutathione transferase from the adult hookworm
Ancylostoma caninum. Infect Immun. 2005; 73:6903–11. [PubMed: 16177370]

Santiago et al. Page 11

J Allergy Clin Immunol. Author manuscript; available in PMC 2013 July 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Key message

• Cockroach and helminth GST crossreact because of remarkable molecular and
structural similarities

• Filarial infection is associated with increased prevalence of cross-reactive anti-
Bla g 5 IgE with possible clinical implications

• Experimental infection with helminth induced cross-reactive allergy as
measured by skin test

• Vaccine development for helminths should be concerned about the potential
impact of crossreactivity with common allergens
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FIG 1.

Sequence and structural similarities between Bla g 5 and WbGST. A, Alignment of Bla g 5
and WbGST sequences showing identical (shaded in black) and similar (shaded in gray)
amino acids. B, Phylogenetic tree of allergenic GSTs. C, Predicted 3-D structure of Bla g 5
and WbGST color-coding basic structure for comparison.
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FIG 2.

Correlation between WbGST and Bla g 5 Ab levels. (A) Level of anti-Bla g 5 and anti-
WbGST IgE, IgG, and IgG4 Abs in non-infected and non-atopic (Ni-NA), non-infected and
atopic (Ni-A), filaria-infected and non-atopic (Fil+NA) and filaria-infected and atopic (Fil
+A) individuals. Individuals above the dotted lines (representing GM + 3 SD of Ni-NA)
were considered positive for anti-Bla g 5 antibodies. B, Correlation between anti-WbGST
and anti–Bla g 5 IgE, IgG, and IgG4; each point represents an individual. n = 76.
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FIG 3.

WbGST-specific Abs crossreact with Bla g 5 due to conserved epitopes. Sera of patients
positive for anti-Bla g 5 IgE, IgG, and IgG4 were incubated in plates coated with a control
antigen (OvTropomyosin), WbGST or Bla g 5. Following incubation, sera were transferred
to Bla g 5-coated plates and developed for IgE, IgG, and IgG4. Each dot represents one
individual.
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FIG 4.

Linear epitope mapping of Bla g 5. (A) Thirty-nine overlapping peptides spanning the entire
sequence of Bla g 5 was used to perform western dot blots for IgE an IgG binding epitopes
(numbers reflect peptide identity, S stands for serum and P for recombinant Bla g 5). (B),

The results were compared to in silico epitope prediction based on the Bla g 5 sequence.
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FIG 5.

Antigenic peptides can inhibit IgE binding to Bla g 5 and WbGST. Sera from infected
patients positive for anti-Bla g 5 and anti-WbGST Abs were incubated with DMSO (open
squares) or specific peptides or recombinant proteins (closed circles) and then transferred to
Bla g 5- or WbGST-coated multiwell plates. Optical densities (OD) are shown for all sera
tested. Differences were compared using the Wilcoxon matched-signed rank test.
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FIG 6.

Helminth infection can cause cross-sensitization to Bla g 5. Mice infected with
Heligmosomoides bakeri (Hb) developed IgE to Bla g 5 but not to Bla g 4 as measured by
ELISA (A) and skin test reactivity by ear thickness (B) or by Evans' blue dye extravasation
(C). Data represent one of four experiments performed (n = 4–5 per group per experiment).
Bars (in A and B) represent means ± SE. In Panel C, each dot represents one animal and the
dotted lines represent the GM of the Ni group + 3 SD.
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