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Suppression of type 2 immunity and allergic airway
inflammation by secreted products of the helminth
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Allergic asthma is less prevalent in countries with parasitic helminth infections, and
mice infected with parasites such as Heligmosomoides polygyrus are protected from aller-
gic airway inflammation. To establish whether suppression of allergy could be mediated
by soluble products of this helminth, we tested H. polygyrus excretory-secretory (HES)
material for its ability to impair allergic inflammation. When HES was added to sen-
sitising doses of ovalbumin, the subsequent allergic airway response was suppressed,
with ablated cell infiltration, a lower ratio of effector (CD4+CD25+Foxp3−) to regulatory
(CD4+Foxp3+) T (Treg) cells, and reduced Th1, Th2 and Th17 cytokine production. HES
exposure reduced IL-5 responses and eosinophilia, abolished IgE production and inhibited
the type 2 innate molecules arginase-1 and RELM-α (resistin-like molecule-α). Although
HES contains a TGF-β-like activity, similar effects in modulating allergy were not observed
when administering mammalian TGF-β alone. HES also protected previously sensitised
mice, suppressing recruitment of eosinophils to the airways when given at challenge, but
no change in Th or Treg cell populations was apparent. Because heat-treatment of HES did
not impair suppression at sensitisation, but compromised its ability to suppress at chal-
lenge, we propose that HES contains distinct heat-stable and heat-labile immunomodu-
latory molecules, which modulate pro-allergic adaptive and innate cell populations.
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Introduction

Allergic asthma has dramatically increased in prevalence in devel-
oping countries, exceeding 5% of the Western European and North
American populations [1]. This contrasts with much lower asthma
incidence in tropical countries that have significant levels of par-
asite infections, and these observations have stimulated research
into the effects of parasitic organisms on human allergy [2–4].
From these studies, it has emerged that allergic diseases are least
common in parts of the world with high helminth endemicity, and
that within endemic populations the prevalence of atopy is signif-
icantly lower in individuals with chronic worm infections [5–10].
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While a causal link between human helminth infections
and reduced allergy has yet to be proven [2], chemotherapeu-
tic clearance of intestinal helminths can result in accentuated
atopic responsiveness [11–13] and helminth infection blocks overt
allergy in a number of animal models [14–17]. The degree to
which helminths may influence allergy, however, is clearly vari-
able between different parasite species [18], and is probably
dependent upon the duration and intensity of infection [2,19],
each factors that need to be taken into account in assessing this
interaction.

The concept that helminths may act in a beneficial way for
therapy of immunological disorders is one that has been gaining
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interest in recent years, especially since reports that the major-
ity of inflammatory bowel disease (IBD) patients infected with
Trichuris suis, the pig whipworm, went into remission [20,21].
Subsequent trials in allergic rhinitis have tested both T. suis ther-
apy [22] and the effects of the human hookworm Necator amer-
icanus [23], and the latter parasite has also been trialled for
coeliac disease [24,25]. While these later studies did not find
any clinical improvement, significant suppression of inflamma-
tory gut immune responses occurred with N. americanus [25,26].
Beyond clinical trials, there have also been remarkable reports of
remission of multiple sclerosis in patients serendipitously acquir-
ing intestinal helminth infections [27–29] and a case history of
an IBD patient self-medicated with the human species Trichuris
trichiura resulting in both remission of symptoms and a switch in
mucosal immune reactivity toward IL-22 [30].

Prompted by reports from human helminth-infected popula-
tions, we previously studied the effects of a model intestinal
nematode parasite, Heligmosomoides polygyrus, on the expression
of allergic airway inflammation in an experimental system using
ovalbumin (OVA) and house dust mite allergy [31]. We found
that mice carrying a chronic infection with this helminth showed
profound suppression of lung eosinophilia, airway tissue inflam-
mation and type 2 cytokine production in response to airway
challenge. Moreover, mice that had been sensitised to allergen
were protected from airway allergy if they subsequently became
infected; hence, this parasite may confer a therapeutic effect in
reversing the allergic state in vivo. This protective effect could
also be adoptively transferred with either regulatory T (Treg) cell
[31], or B-cell transfer [32], in both cases in an IL-10 independent
manner. Together with a number of other studies on H. polygyrus
infection in allergy [33,34], colitis [35–37] and diabetes [38,39],
it is clear that this helminth downregulates multiple effector path-
ways of the adaptive immune response [40].

Therapy of human immune pathologies with live helminth
parasites continues to be evaluated, but will remain an empir-
ical process. Moreover, permitted doses of live parasites are
minimal due to ethical and logistical constraints [41], such
that exposure levels and duration do not approach those seen
in endemic populations. Future therapeutic applications of live
helminths will inevitably be limited by the same factors, argu-
ing the case for developing non-living molecular derivatives
based on helminth immunomodulatory products; such molecules
should also permit a more mechanistic understanding of inter-
actions with the host immune system [42]. Indeed, a number
of parasite-derived products have shown some protective ability
in immunopathology models [16,17]. Products of Ancylostoma
caninum [43,44], Hymenolepis diminuta [45], Schistosoma man-
soni [44] and Trichinella spiralis [46] all contain immunomod-
ulators which can suppress pathology in mouse models of coli-
tis, while somatic constituents of Ascaris suum can inhibit aller-
gic inflammation [47,48], as can secretions of Nippostrongylus
brasiliensis [49]. Physiologically, active immunomodulators are
most likely to be secreted from live parasites into their host envi-
ronment [50], and in this report we focus on the H. polygyrus
excretory-secretory (HES) products as potential modulators of air-
way allergy in a mouse model.

HES is a complex mixture of proteins, carbohydrates and lipids,
many of which have been defined by proteomics [51] and mon-
oclonal antibody analysis [52]. HES is known to downmodulate
dendritic cell responses [53] and includes a molecule that binds
to and signals through the mammalian TGF-β receptor [54]. Simi-
larly to mammalian TGF-β, HES induces Foxp3 expression in stim-
ulated CD4+ T cells in vitro, which are functionally suppressive
and able to suppress airway allergic pathology. Like other nema-
tode organisms, the H. polygyrus genome includes TGF-β family
members [55], however it is as yet unclear if these are responsible
for the TGF-β signal.

We have now tested HES for its effects in a mouse allergy model
and show that it replicates the suppression of pathology seen in the
same model with live H. polygyrus infection [31]. We report below
that co-administration of HES with sensitising allergen inhibits
both innate and adaptive arms of the immune response, including
eosinophilia, type 2 innate response markers, antibody genera-
tion and effector T-cell reactivity. Moreover, airway eosinophilia
could be suppressed to a significant extent even when HES was
administered at airway challenge to mice previously sensitised to
allergen in the absence of the helminth products, opening the
door to future research into therapeutic application to alleviate
immunopathological conditions.

Results

Inhibition of airway allergy in mice co-sensitised with
HES

We first tested the ability of HES products to alter the outcome
of an airway allergy model that has previously been shown to
be suppressed during live infection with H. polygyrus [31]. Mice
were sensitised with two injections of alum-precipitated OVA in
PBS on days 0 and 14; we added soluble HES to the suspension
to avoid any functional denaturation that might occur through
alum precipitation. All animals received an airway challenge of
OVA on days 28, 29 and 30. As shown in Fig. 1, addition of
HES at sensitisation resulted in profound suppression of the air-
way allergic inflammation measured by total cell numbers as well
as inflitrates of eosinophils and CD4+ T-helper cells in the bron-
choalveolar lavage (Fig. 1A) and lung tissue (Fig. 1B). As well
as absolute cell numbers, proportions of bronchoalveolar lavage
(BAL) SiglecF+CD11c− eosinophils were also sharply reduced with
HES administration (Fig. 1C). Haematoxylin and Eosin (H&E) and
periodic acid-Schiff (PAS) staining of formalin-fixed lung sections
also showed reduced inflammatory infiltrate and mucus produc-
tion with HES administration (Fig. 1D).

Inhibition is not due to antigenic competition

To address whether the suppression of OVA-specific responsive-
ness by HES was due to a simple antigen competition effect by
the additional proteins, we repeated these experiments using
bovine serum albumin (BSA) admixed with OVA-alum (Fig. 2).
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Figure 1. HES suppresses airway allergy.
Twenty micrograms of HES was co-
administered with each sensitisation injec-
tion of OVA-Alum on day 0 and 14, and
challenges of 30 min of 1% OVA aerosol
were given at days 28–30. Bronchioalveo-
lar lavage (BAL) fluid and lung tissue for
cell preparation were collected at day 31.
Shown are (A) the numbers of total BAL
cells and cell types, (B) the numbers of
total lung preparation cells and cell types,
(C) a representative flow cytometry plot of
SiglecF versus CD11c expression on BAL
cells, and (D) representative haematoxylin
and eosin (H&E, 20× magnification) and
periodic acid-Schiff (PAS, 200× magnifica-
tion) staining of formalin-fixed lung sec-
tions. (A–C) Results are representative of
at least two repeat experiments each with
— four to six mice per group. (D) Arrows
indicate mucus-producing cells. Significant
differences shown compare OVA/Alum to
OVA/Alum + HES. Error bars are SEM. *p <

0.05; **p < 0.01; ***p < 0.001; one-way ANOVA,
with Tukey’s post test.

BSA co-administration could not replicate the potent suppression
of BAL total and eosinophil cell numbers seen with HES admin-
istration (Fig. 2 A–C). We also found that when OVA-alum was
co-administered with HES, but not with BSA, anti-OVA IgG1 titres
were diminished more than tenfold (Fig. 2D) and IgE almost com-
pletely ablated (Fig. 2E). Anti-OVA IgG2a titres were also reduced
(data not shown) indicating that a shift to Th1 responsiveness had
not occurred.

Inhibition by HES is mediated by heat-stable
components

Because HES is a complex mixture of multiple proteins and glyco-
conjugates [51], we next determined whether the functional effect
of HES was mediated by a heat-stable component. HES was pre-
incubated at 100◦C and compared with untreated HES for its

ability to suppress airway inflammation. As shown in Figure 3,
heat-treated HES (HT-HES) is as potent as HES at suppressing
total numbers (Fig. 3A) and eosinophilic infiltrate into the BAL
(Fig. 3B). HT-HES was similar to untreated HES in reduction of
OVA-specific IgG1 (Fig. 3C) and IgE (Fig. 3D).

Inhibition by HES is not accounted for by the activity
of TGF-β

Because HES contains a functional mimic of TGF-β, a known
inhibitor of airway allergy [56], we compared the effects of
20 μg of HES administration with that of the equivalent activity of
TGF-β (4 ng) [54]. As shown in Figure 4, TGF-β co-administration
showed no indication of any suppression of eosinophilic BAL infil-
trates, in contrast to almost total ablation by HES (Fig. 4A and
B). HES also suppressed IL-4, IL-5, IL-13 and IFN-γ expression in
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Figure 2. The suppressive effects of HES are not due to antigen competition. Twenty micrograms of HES or bovine serum albumin (BSA) were
co-administered with each sensitisation injection of OVA-Alum on day 0 and 14, and following challenge at days 28–30, bronchoalveolar lavage
(BAL) fluid and serum were collected at day 31. Shown are (A) the total BAL cell numbers, (B) the SiglecF+CD11c− (eosinophil) proportion of total
BAL cells, (C) the SiglecF+CD11c− (eosinophil) BAL cell numbers, (D) OVA-specific IgG1 measured by ELISA, and (E) OVA-specific IgE measured by
ELISA. Results are representative of two repeat experiments each with four to six mice per group. Error bars are SEM. ***p < 0.001, one-way ANOVA,
with Tukey’s post test.

the lung homogenate, while TGF-β did not affect these cytokines
(Fig. 4C–F); the abolition of the OVA-induced IFN-γ response gives
further evidence that Th1 responsiveness does not replace the Th2
response following HES exposure. Levels of IL-10 in the lung were
found not to differ between mice that had received HES and con-
trol mice (data not shown).

Type 2 innate response markers are suppressed
by HES

Key innate cell populations such as alternatively activated
macrophages (AAMs) are involved in both anti-parasite [57,58]
and asthmatic [59,60] immune responses. Together with

Figure 3. The suppressive effects of
HES are heat stable. Twenty micro-
grams of HES or heat-treated HES
(HT-HES) was co-administered with
each sensitisation injection of OVA-
Alum on day 0 and 14, and follow-
ing challenge at days 28–30, BAL fluid
and serum were collected at day 31.
Shown are (A) the total BAL cell num-
bers, (B) SiglecF+CD11c− eosinophil
numbers, (C) OVA-specific IgG1 mea-
sured by ELISA, and (D) OVA-specific
IgE measured by ELISA. Results are
representative of four repeat experi-
ments each with four to six mice per
group. Error bars are SEM. *p < 0.05; **p
< 0.01, one-way ANOVA, with Tukey’s
post test.
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Figure 4. HES protects against airway
inflammation more potently than TGF-β.
Twenty micrograms of HES or 4 ng recom-
binant TGF-β was co-administered with
each sensitisation injection of OVA-Alum on
day 0 and 14, and following challenge at
days 28–30, lung tissue was collected and
homogenised at day 31. (A) The total BAL
cell numbers and (B) the SiglecF+CD11c−

eosinophil numbers are shown. Levels of
the cytokines (C) IL-4, (D) IL-5, (E) IL-13, (F)
IFN-γ and IL-10 were measured using BD
Flex sets, and normalised by dividing the
cytokine concentration (in pg/mL) by the
total protein concentration (in mg/mL) of the
lung homogenate. Levels of IL-10 were below
detection limits in this experiment, but were
either unchanged or reduced with HES com-
pared with that of OVA alone in other exper-
iments where IL-10 was detectable. Results
are representative of at least two experi-
ments, each with four to six mice per group.
Error bars are SEM. *p < 0.05; **p < 0.01; ***p
< 0.001, one-way ANOVA, with Tukey’s post
test.

epithelial cells [61], AAMs express high levels of type 2 innate
response markers, such as RELMα and Ym1 (where RELM is
resistin-like molecule). HES administration was found to potently
suppress expression of both of these products (Fig. 5A and B).
Real-time RT-PCR confirmed this finding (data not shown), with
expression levels of additional type 2 innate response markers
Arginase-1 and acidic mammalian chitinase (AMCase) suppressed
by HES (although AMCase did not reach statistical significance)
(Fig. 5C and D). Transcription of the type 2 response epithelial
cell marker RELM-β was also reduced with HES administration
(Fig. 5E), as was the chemokine eotaxin/CCL11 (Fig. 5F).
Recombinant mammalian TGF-β could not replicate any of these
effects of HES administration. Immunohistochemical staining
for RELM-α (Fig. 5G) shows production both in epithelial and
interstitial cells, many of which appear to be macrophages by
morphology. Although overall RELMα staining was reduced with
HES administration, production by both epithelial and interstitial
cells could still be detected (Fig. 5G, right panel).

T-helper cytokine expression is suppressed by HES
administration

The innate and antibody responses associated with asthma were
suppressed by HES, so we assessed whether this was accompa-
nied by a reduced T-cell cytokine response in the lung. We found
that lung CD4+ T-cell production of IL-4, IL-10, IL-13, IL-17A and
IFN-γ were all suppressed by co-administration of HES (Fig. 6A).
To distinguish whether suppression was due to reduced Th2 differ-
entiation or inhibition of cytokine production by Th2-committed
T cells, we administered OVA with and without HES to 4-get
mice; in these mice, commitment to the Th2 pathway initiates GFP
production prior to the expression of IL-4 protein [62]. Co-staining
of lung lymphocytes for GFP and intracellular IL-4 protein showed
that HES co-administration reduced both GFP+IL-4− (committed
to Th2 but not currently producing IL-4) and GFP+IL-4+ (Th2 cells
currently producing IL-4) populations (Fig. 6B and C), indicating
that HES interferes with the initial differentiation of Th2 cells.
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Figure 5. HES suppresses type 2 innate
response markers, while recombinant
mammalian TGF-β cannot. Cell-free BAL
supernatants from the mice shown in
Fig. 4 were tested by ELISA for levels of
(A) RELM-α and (B) Ym1 protein by ELISA.
RNA was prepared from lung tissue and
qRT-PCR used to assess levels of (C) Arg-1,
(D) AMCase, (E) RELM-β, and (F) eotaxin
transcription relative to GAPDH. Data are
representative of two repeat experiments,
each with four to six mice per group.
(G) Formalin-fixed lung tissue sections
from five individual mice in each group of
the second experiment were stained for
RELM-α by immunohistochemistry (five
mice per group). Arrows indicate interstitial
cell staining. Error bars are SEM. *p < 0.05;
**p < 0.01; ***p < 0.001; one-way ANOVA,
with a Tukey’s post test.

Treg cell numbers do not expand with HES treatment

HES has been previously shown to induce expression of the
Treg cell canonical transcription factor Foxp3 in stimulated CD4+

cells in vitro [54]. We therefore assessed levels of CD4+Foxp3+

cells in the lung after HES administration. Figure 7A shows that
Treg cell frequencies within the CD4+ population in the lung
tissue are higher following OVA sensitisation alone than with
HES co-administration. Activation of Treg cells, as assessed by
CD103 expression by CD4+Foxp3+ cells, was also unaffected by
HES administration (Fig. 7B). However, proportions of activated
effector T-helper cells (CD4+CD25+Foxp3−) are very significantly
decreased with HES administration (Fig. 7C). Hence, the ratio of
activated effector T-helper to Treg cells is significantly reduced in

mice receiving HES co-administration, potentially shifting the bal-
ance in favour of Treg cells (Fig. 7D). Representative FACS plots
are shown in Figure 7E.

Inhibition of airway eosinophilia by HES administered
with allergen challenge

To test the potential of HES components to suppress established
responses, we next administered HES with the OVA intratracheal
challenges to mice that had first been sensitised with OVA-alum
alone. In this challenge model, we again found significantly lower
numbers of BAL total cells, eosinophils and CD4+ T-helper cells
(Fig. 8A). However, in the lung tissue only eosinophils showed any
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Figure 6. HES treatment reduces T-cell cytokine production. HES was co-administered with OVA-Alum sensitisations in 4-get mice. Following
challenge at days 28–30, cells were prepared from liberase/DNAse-digested lung tissue, stimulated with PMA and Ionomycin in the presence of
Brefeldin A, and stained for CD4 and intracellular IL-4, IL-10, IL-13, IL-17A, and IFN-γ for flow cytometry. Shown are (A) the IL-4+, IL-10+, IL-13+,
IL-17A+, and IFN-γ+ proportions of the CD4+ population, (B) representative flow cytometry plots of GFP versus IL-4 in CD4+ lymphocytes, and (C)
the proportions of CD4+ cells which were GFP+IL-4− and GFP+IL-4+. Data are representative of two repeat experiments, each with four to six mice
per group. Error bars are SEM. *p < 0.05; **p < 0.01; ***p < 0.001, one-way ANOVA, with Tukey’s post test.

marked negative trend, and none of the changes reached statistical
significance (Fig. 8B). In this challenge setting, only intact and
not heat-inactivated HES was able to suppress total (Fig. 8C) and
eosinophil (Fig. 8D) cell numbers, and the effect was primarily
on eosinophil numbers rather than the proportions of eosinophils
within the total inflammatory infiltrate (Fig. 8E). As in HES at
sensitisation, replacement of HES with an equivalent amount of
recombinant mammalian TGF-β did not protect against eosinophil
accumulation (Fig. 8F).

In recipients of intratracheal HES with OVA, BAL fluid also
contained lower levels of IL-5, while IL-4 appeared unchanged
(Fig. 9A and B). Levels of RELM-α and Ym1 in the BAL fluid
were also lower with HES administration and unaffected by HT-
HES, although only attaining significance with Ym1 (Fig. 9C
and D). Transcription of the type 2 innate response markers,
Arginase-1 and AMCase, again tended to be suppressed (Fig. 9E
and F), whereas RELM-β was unaltered (Fig. 9G). Likewise,
levels of eotaxin/CCL11 showed a downward trend with HES
administration which was absent with heat-inactivated HES
(Fig. 9H).

We again determined frequencies of Foxp3+ and
CD103+Foxp3+ Treg cells in allergic mice. Levels of Foxp3+

and CD103+Foxp3+ Treg cells increased in OVA-sensitised and
challenged animals, and in contrast to HES given at sensitisation
when HES was given at challenge this was unchanged (Fig. 10A

and B). CD4+Foxp3−CD25+-activated effector cells were again
increased with asthma induction and were also unchanged by HES
administration (Fig. 10C), as was the ratio of activated effector
T-helper cells (Fig. 10D). Representative FACS plots are shown
in Figure 10E. To further examine the Th2 response with HES at
challenge, lung tissue CD4+ cells were stained for intracellular
IL-4 and IL-13 (Fig. 10F and G), but consistent with undiminished
activation of Foxp3− T cells, no difference in expression of these
Th2 cytokines was seen with HES at challenge.

Discussion

The influence of infections on the induction and progression of
allergic disease is under increasing scrutiny in both epidemio-
logical and experimental studies [63–65]. Helminth parasites
in particular are associated with a degree of protection from
allergic reactivity [3,4]. However, due to the heterogeneity of
human exposure and the diversity of helminth species, current
evidence is not always consonant with a causal link between
infection and reduction of allergy [2]. Hence, investigations with
defined laboratory models are essential to dissect the interactions
that are likely to occur in humans, and to exploit any molecular
principle from parasites that may be beneficial in ameliorating
immunopathology.
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Figure 7. HES treatment reduces Treg-
and Teffector-cell accumulation. Twenty
micrograms of HES was co-administered
with each sensitisation injection of OVA-
Alum on day 0 and 14, and following chal-
lenge at days 28–30, cells were prepared
from liberase/DNAse-digested lung tissue
and stained for CD4, CD25, CD103, and
Foxp3 for flow cytometry. Shown are (A)
the Foxp3+ proportion of CD4+ cells, (B) the
CD103+ proportion of CD4+Foxp3+ cells,
(C) the percentage of CD25+ cells among
CD4+Foxp3− cells, (D) the ratio of activated
effector T cells (CD4+Foxp3−CD25+) to Treg
cells (CD4+Foxp3+), and (E) representative
flow cytometry plots of CD4+ cells show-
ing Foxp3 versus CD25. Data are shown
as mean + SEM are representative of two
repeat experiments, each with four to six
mice per group. *p < 0.05; ***p < 0.001, one-
way ANOVA, with Tukey’s post test.

In this report, we show that the murine intestinal helminth
H. polygyrus releases soluble factors that potently suppress
immune responses and pathology in an experimental model of
allergic inflammation. These molecules suppress a wide span of
innate and adaptive immune responses if co-administered with
the initial sensitising injections and key markers of innate inflam-
mation (in particular, eosinophilia) when given to mice only at
the challenge phase. Because of the breadth of effects, and the
fact that initial suppression is mediated by heat-stable compo-
nents and the challenge inhibition by heat-labile molecules, we
hypothesise that HES contains multiple suppressive factors, those
that can suppress initiation of adaptive immune responses, and
factors which inhibit recruitment or expansion of allergic innate
effector cells to the lung.

The suppression of allergy when helminth products are given at
sensitisation may be common to other parasites, as N. brasiliensis
ES adsorbed with OVA on Alum reduces the subsequent aller-
gic response [49]. However, suppression of the BAL eosinophil
response when ES is given at challenge has not, to our knowledge,

been previously shown. A possible mechanism by which HES could
inhibit sensitisation is by enzymatic modification of OVA; however,
the fact that HT-HES is effective at sensitisation makes it unlikely
that any enzymatic effect is responsible. While the protective com-
ponent in the challenge setting is heat-labile, T-cell responses to
OVA are unchanged in this model, again arguing that there is no
defect in presentation of OVA to T cells due to modification of the
allergen. Hence, in both cases we favour the hypothesis that HES
acts directly on inducer and effector components of the immune
response.

In blocking adaptive responses, we found not only that
lung Th2 cytokine levels were profoundly inhibited by HES co-
administration at sensitisation, but also the Th1 cytokine IFN-γ,
arguing that allergy inhibition was not achieved simply by
immune deviation toward the Th1 mode. Intracellular cytokine
staining showed suppression of Th2, Th1 and Th17 cells with
HES co-administration and the suppression of OVA-specific anti-
body was also observed across all isotypes, consistent with this
conclusion. Among the innate populations, the abrogation of
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Figure 8. HES treatment at challenge
suppresses eosinophil responses,
while heat-treated HES (HT-HES)
or mammalian TGF-β does not. All
mice were sensitised with OVA-Alum
on day 0 and 14, then 20 μg HES
(or controls of 20 μg HT HES or
4 ng recombinant mammalian TGF-β)
were co-administered with challenge
of 20 μg OVA protein administered
intratracheally on days 28–30. Bron-
choalveolar lavage (BAL) cells and
lung tissue for cell preparation were
collected at day 31. Shown are (A)
the total number of BAL cells and
cell types, (B) the numbers of total
lung preparation cells and cell types,
(C) the total BAL cell numbers with
HT HES control, (D) SiglecF+CD11c−

BAL eosinophil numbers with HT
HES control, (E) SiglecF+CD11c−

proportions of total BAL cells with HT
HES control, and (F) SiglecF+CD11c−

BAL eosinophil numbers with TGF-β
control. Results are representative
of three repeat experiments, each
with four to six mice per group. Error
bars are SEM. *p < 0.05; ***p < 0.001,
one-way ANOVA, with Tukey’s post
test.

eosinophil infiltration (along with eosinophil-stimulating factors
IL-5 and eotaxin/CCL11) was highly significant, as this sub-
set is most closely associated with airway pathology [66,67].
Downregulation of eotaxin in particular could lead to the sup-
pression of eosinophil recruitment to the airways seen with
HES administration at challenge. Due to the brief time frame
of the challenge protocol, this observation implies that HES
may directly impact on the eosinophil population, and does
not act indirectly through an adaptive (eg Th2) compartment
which is unaffected by the challenge-only administration of
HES.

We also observed striking changes in type 2 innate response
markers. These markers, such as Ym1 and RELM-α, were initially
discovered in AAM, and more recently shown to be produced
at high levels by epithelial cells in allergic inflammation mod-
els [61]. We had hypothesised that HES similar to secretions from
other helminths [68] can drive AAM, which would in turn act in
an immunosuppressive mode to block the Th2 allergic immune
response. In contrast, we saw instead a highly significant reduc-

tion in type 2 innate response markers, indicating an unexpected
inhibition of AAM. Because these type 2 innate response markers
are exquisitely Th2-dependent (through IL-4Rα), these changes
might simply be downstream consequences of a suppressed Th2
response in the lung. However, the clear suppression of Ym1 by
HES at challenge argues, as with eosinophils, that inhibition may
act directly on innate cells and not through an intermediary Th2
cell. It is possible, however, that allergic eosinophil expansion is
dependent upon AAMs in the lung, in a manner parallel to that
recently reported for adipose tissue [69]. Because the apparent
roles of AAMs in helminth immunity and asthma exacerbation
vary between experimental models, it will be fascinating to dis-
sect their activity further in this system, especially with the new
range of specific antibodies and inhibitors of AMM products now
becoming available [70].

When HES was administered with OVA at the sensitisation
phase of the airway allergy model, we also observed downregula-
tion of the type 2 immune response epithelial cytokine RELM-β.
Interestingly, this molecule has been more closely associated with
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Figure 9. HES treatment at challenge
suppresses type 2 response mark-
ers. Cell-free BAL supernatants from
the experiment shown in Figure
8 B–D were tested (A and B) by CBA
for levels of (A) IL-4 and (B) IL-5, and (C
and D) by ELISA for levels of (C) RELM-α
and (D) Ym1 protein. (E–H) RNA was
prepared from lung tissue and qRT-PCR
used to assess levels of (E) Arginase-1,
(F) AMCase, (G) RELM-β, and (H) eotaxin
transcription relative to GAPDH. Results are
representative of two repeat experiments,
each with four to six mice per group.
Error bars are SEM. *p < 0.05; **p < 0.01;
***p < 0.001, one-way ANOVA, with Tukey’s
post test.

the intestinal epithelium, and in that setting acts as an innate
defensin-like molecule to inhibit survival of H. polygyrus adult
worms [71]. Inhibition of RELM-β in the airways may never-
theless contribute to amelioration of allergy, as RELM-β-deficient
mice show reduced goblet cell hyperplasia and other inflammatory
reactions following allergen challenge [72].

Mice treated with HES at sensitisation also showed very potent
suppression of anti-OVA IgG1 and especially IgE responses. It is
interesting to speculate how HES may interrupt humoral immunity

so profoundly. H. polygyrus infection is known to induce a regu-
latory population of B cells, which can suppress airway allergy
on transfer [31]. Thus, in the context of HES administration,
suppression of OVA-specific IgE responses may reflect skewing
of the B-cell population to a regulatory phenotype. However, as
shown by Wilson et al., neither infection with H. polygyrus [31] nor
transfer of the regulatory B-cell population [32] resulted in sup-
pression of the allergen-specific IgG1 or IgE response. Therefore,
HES may invoke a mechanism to inhibit anti-parasite antibody
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Figure 10. HES at challenge does not affect T-cell accumulation or cytokine production in the lung. (A–E) Lung tissue cells were prepared from
the experiment shown in Figure 8A and stained for CD4, CD25, CD103, and Foxp3 for flow cytometry. Shown are (A) the Foxp3+ proportion of
CD4+ cells, (B) the CD103+ proportion of CD4+Foxp3+ cells, (C) the percentage of CD25+ cells among CD4+Foxp3− cells, (D) the ratio of activated
effector T cells (CD4+Foxp3−CD25+) to Treg cells (CD4+Foxp3+), and (E) representative flow cytometry plots of CD4+ cells showing Foxp3 verses
CD25. Results are shown as mean + SEM are representative of two repeat experiments with — four to six mice per group. (F and G) In the second
experiment, lung tissue cells from five individual mice were stimulated with PMA, Ionomycin, and Brefeldin A for 4 h, and stained for CD4 and
intracellular (F) IL-4 and (G) IL-13 by flow cytometry. *p < 0.05; **p < 0.01, one-way ANOVA, with Tukey’s post test.

responses, which when co-administered with a bystander allergen
(in this case, OVA), extends to that antigen also. In H. polygyrus
infections, neither the T-cell- nor B-cell- mediated suppression of
asthma is dependent on IL-10, and as no increase in total, or CD4+

T cell-derived, IL-10 was seen with HES administration, other host
regulatory cytokines (eg TGF-β) may be involved.

Our results show that HES at sensitisation can potently inhibit
Th2 responses and pathology in a widely studied OVA-induced
asthma model. This model depends on the systemic sensitisation
of mice with OVA protein in an aluminium hydroxide adjuvant,
inducing a Th2 response that can be recalled in the airways.
However, the induction of allergy in humans is more likely to
be induced directly in the airways by exposure to environmental
allergens. Thus, we are presently extending our results with other
regimens giving allergen repeatedly without adjuvant directly into

the airways. Furthermore, suppression of Th2 responses, however
they are initiated, is of relevance not only to allergy and the control
of Th2-mediated parasite expulsion from the host. For example, it
has been noted that immunity induced by vaccines, most of which
employ alum adjuvant, is suppressed in helminth endemic areas
[17,73], possibly through pathways replicated by HES.

Our laboratory has recently completed a proteomic analysis of
HES [51], which will facilitate identification of the molecular prod-
uct(s) in HES that mediate protection. In addition to ascertaining
the suppressive molecular principle(s) from H. polygyrus, future
research needs also to characterise the immunological mechanism
and pathway of suppression. In the first instance, the question
should be addressed of which host cells are targeted by HES.
Previous work on H. polygyrus infection has highlighted the par-
asite’s suppressive effects through dendritic cells [74–76], Treg
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[31,77,78] and regulatory B cells [31]. Other work on products
derived from H. polygyrus has shown roles for induction of sup-
pressive dendritic cells [53] and Treg cells [54]. HES contains a
TGF-β mimic which is capable of inducing Treg cells in vitro [54],
and we hypothesised that HES could suppress allergic immune
responses through this pathway. Our data, however, argue against
suppression dependent on the TGF-β pathway or Treg induction:
an equivalent amount of recombinant mammalian TGF-β could
not suppress allergic immune responses at sensitisation or at chal-
lenge; HES suppression at sensitisation was heat-stable, while the
HES TGF-β signal is heat labile [54]; and Treg proportions, num-
bers and activation levels were lower with HES administration
at sensitisation than in positive controls. Therefore, we hypothe-
sise that HES contains other immunomodulatory factors than the
TGF-β mimic and these are largely responsible for the suppressive
effect seen with HES administration at sensitisation. When HES is
administered challenge, the suppression by HES is heat-labile and
therefore the suppression could be due to the TGF-β mimic. How-
ever, the Treg population was unchanged by HES administration
at challenge and mammalian TGF-β could not replicate the sup-
pressive effect, therefore we believe it is unlikely that the TGF-β
mimic is entirely responsible. We are presently carrying out exper-
iments using TGF-βR signalling inhibitors to formally exclude this
possibility.

In summary, here we present data showing that HES adminis-
tration can replicate the suppressive effects of H. polygyrus infec-
tion on airway allergy. These effects are likely to be mediated by
multiple factors, and are unlikely to be solely attributed to the
TGF-β-like activity contained in HES. As HES could also suppress
airway eosinophilia once an immune response had been estab-
lished, we propose that it may contain possible therapeutics for
human disease. We are now using fractionation, proteomic and
genomic techniques to attempt to identify the suppressive fac-
tor(s) in HES.

Materials and methods

Parasites and HES

The life cycle of Heligmosomoides polygyrus bakeri was maintained
as described elsewhere [79]. Adult excretory-secretory products
were prepared as previously described [80], and when tested in
the Limulus Amoebocyte Lysate assay (Lonza, Slough, UK), was
found to contain less than 0.1 IU LPS per μg protein. Heat inacti-
vation was performed by incubation at 100◦C for 20 min. Class IV
OVA and BSA were purchased from Sigma.

Mice

BALB/c or 4-get [62] (heterozygous with BALB/c) mice were
bred in-house at the University of Edinburgh and accommodated
according to Home Office regulations.

Airway allergy model

Induction of airway allergic inflammation was performed as previ-
ously described [31]. Briefly, mice were sensitised with two injec-
tions (day 0 and 14) of 20 μg OVA precipitated with alum, i.p. At
days 28, 29 and 30, mice were challenged with an aerosol of 1%
OVA protein in PBS or by intratracheal instillation of 20 μg OVA
in PBS, as indicated. At day 31, the bronchoalveolar space was
lavaged and lungs taken for analysis. Serum was collected at this
time point.

Lung histology and immunohistochemistry

Lungs were lavaged with, and collected into, 10% buffered for-
malin, incubated overnight at 4◦C and then transferred to 70%
ethanol. Lungs were then paraffin embedded and sectioned, before
being stained with standard protocols for H&E and PAS. For
immunohistochemical staining, sections were stained with rab-
bit anti-RELM-α (Peprotech, London, UK) and a goat anti-rabbit
secondary antibody (Vector labs, Peterborough, UK). Staining was
detected with horseradish peroxidase and 3,3-diaminobenzidine.

Flow cytometry

Single cell suspensions of lung tissue were prepared by digesting
the right lobes of the lung in 2 U/mL liberase TL (Roche, Welwyn
Garden City, UK) and 80 U/mL DNase (Invitrogen, Paisley, UK) at
37◦C with agitation for 25 min, followed by maceration through
a 70 μm cell strainer. Cells were phenotyped by labelling with
fluorescently labelled antibodies to CD4, CD11b, CD11c, CD25,
CD103, Foxp3, GR1 and SiglecF, or the relevant isotype controls
before analysing by FACS (all antibodies from BD Biosciences,
Oxford, UK).

Where intracellular cytokine staining was carried out, cells
were stimulated for 4 h at 37◦C with 500 ng/mL Phorbol Myris-
tate Acetate, 1 μg/mL Ionomycin and 10 μg/mL Brefeldin A
(Sigma, Dorset, UK). Cells were stained for CD4 and then per-
meabilised using the manufacturers instructions with the BD Bio-
sciences Fixation/Permeabilisation kit. Cells were then stained
for IFN-γ, IL-4, IL-10, IL-13 and IL-17A. After permeabilisation,
GFP in 4-get mice was detected using polyclonal rabbit anti-
GFP (Ebioscience, Hatfield, UK), followed by anti-rabbit IgG-
Alexa Fluor 488 (Invitrogen). Live/dead Aqua (Invitrogen) was
used to exclude dead cells. Samples were analysed by flow
cytometry using Becton-Dickinson FACSCanto or LSR-II flow
cytometers. BAL and lung tissue cell types were characterised
as: CD11c+SiglecF+ (alveolar macrophages), SiglecF+CD11c−

(eosinophils), CD11bhiCD11c−GR1hiSiglecF− (neutrophils) and
CD4+CD11b− (T-helper cells).

ELISA

Antibody levels in serum were measured on OVA-coated ELISA
plates and serial dilutions of serum. To measure IgE levels, serum
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Table 1. Primers used for real-time PCR

Gene Forward primer Reverse primer Amplicon length

Arg-1 CAGAAGAATGGAAGAGTCAG CAGATAT-GCAGGGAGT-CACC 249
AMCase CCCTTG-GCA-TATC-CACTGA ACAGAA-TCCACTGCC-TCCAG 125
GAPDH ATGACA-TCAAGAA-GGTGGTG CATACCA-GGAAATG-AGCTTG 177
RELM-β CGTCTC-CCTTTTC-CCACTG CAGGAG-ATCGTCTTAG-GCTCTT 114
Eotaxin CACGGTCA-CTTCCTTC-ACCT TGG-GGATCTT-CTTACT-GGTCA 92

was first depleted of IgG using 4 Fast Flow Protein G Sepharose
beads (GE Healthcare, Little Chalfont, UK), according to the man-
ufacturer’s instructions. IgG1 was detected with goat anti-mouse
IgG1-HRP (Southern Biotech, Birmingham, AL, USA) and IgE was
detected using rat anti-mouse IgE-biotin followed by streptavidin-
alkaline phosphatase (Sigma).

The type 2 innate response markers RELM-α and Ym-1 were
measured by ELISA, using the rabbit anti-mouse RELM-α, then
biotinylated rabbit anti-mouse RELM-α, compared to a recombi-
nant RELM-α standard (Peprotech), or the Chitinase 3-like/ECF-L
(Ym1) Duoset kit (R&D Systems, Abingdon, UK) according to man-
ufacturer’s instructions.

Cytokine CBA

Cytokine levels were detected in cell-free BAL supernatant or
lung homogenate. A section of the left lobe of the lung was
homogenised using a Tissuelyser (QIAGEN, Crawley, UK) in
0.5 mL of 1× cell lysis buffer (Cell Signaling, Danvers, MA, USA),
containing 1 μM PMSF (Sigma). IL-4, IL-5, IL-10, IL-13 and IFN-γ
levels were detected using BD CBA Flex-set kits and were acquired
on a BD FACSArray. Levels of cytokines in lung homogenates were
normalised by dividing by total protein concentration, as assessed
by Bradford assay compared to a BSA standard (Pierce, Cramling-
ton, UK).

RT-PCR

A section of the left lobe of the lung was homogenised on a Tissuel-
yser (QIAGEN) in Trizol reagent (Invitrogen), and RNA was pre-
pared according to manufacturers instructions. Reverse transcrip-
tion was performed using 1–2 μg of RNA, 2 μL ten reverse tran-
scriptase buffer, 2 μL 25 mM dNTP mix, 1 μL of 50 U/μL Moloney
murine leukaemia virus reverse transcriptase, 0.5 μL of 40 U/μL
RNAsin, 1 μL of 0.4 μg/mL Oligo dT primer and made up to 20 μL
with diethylpyrocarbonate (DEPC)-treated water. A PCR block
(Peltier Thermal Cycler, Bio-Rad, Hemel Hempstead, UK) was
used for the transcription reaction, 20◦C for 10 min, 37◦C for 60
min and 99◦C for 5 min.

Transcript levels of the genes of interest were measured by real-
time PCR using the Lightcycler 480 II (Roche). PCR amplifications
were carried out in 10 μL total volume made up of 1 μL cDNA,
5 μL SYBR Green (Roche), 0.3 μL of each primer (10 μM)

(Table 1) and 3.4 μL DEPC-treated water (Invitrogen). The ampli-
fications were performed using the following protocol: 30-s denat-
uration at 95◦C, 5 s for primers to anneal at 65◦C, 12-s elongation
at 72◦C for 40 cycles. Primers used are shown in Table 1.

Statistics

All data were analysed using Prism 5 (Graphpad, La Jolla, CA,
USA). Groups were analysed by one-way ANOVA, with a Tukey’s
post test comparing all groups to the OVA only positive control.
Unless otherwise indicated differences are not significant. *** p <

0.001; **p < 0.01; *p < 0.05.
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