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Abstract Epidemiological surveys have demonstrated that
helminth infections are negatively related to atopic diseases,
including asthma. Defining and characterising specific hel-
minth molecules that have excellent immunomodulatory ca-
pacities as potential therapeutics for the treatment or prophy-
laxis of allergic manifestations are of great interest.
AcCystatin, a cystatin protease inhibitor of Angiostrongylus
cantonensis, is a homologue of other nematode cystatins with
immunoregulatory properties. Here, we aim to determine the
effects of AcCystatin on an ovalbumin/aluminium hydroxide
(OVA/Al[OH]3)-induced rat model of asthma. Wistar rats
were randomly divided into four groups, including a control
group, an OVA/Al[OH]3-induced asthma group, a group re-
ceiving AcCystatin immunisation prior to OVA/Al[OH]3-in-
duced asthma and a group receiving AcCystatin treatment
after OVA/Al[OH]3-induced asthma. The numbers of eosino-
phils, basophils, neutrophils, lymphocytes and monocytes in
the peripheral blood and of eosinophils in the bronchoalveolar
lavage fluid (BALF) were counted for each animal. The
expression levels of the cytokines interferon-γ, interleukin
(IL) 4, IL-5, IL-6, IL-10, IL17A and tumour necrosis factor

receptor-α in BALF, of OVA-specific immunoglobulin E in
BALF and serum and of the chemokines eotaxin-1, eotaxin-2,
eotaxin-3, MCP-1 and MCP-3 in lung tissue were measured.
In addition, the degree of peribronchial and perivascular in-
flammation and the intensity of goblet cell metaplasia were
qualitatively evaluated. The sensitised/challenged rats devel-
oped an extensive cell inflammatory response of the airways.
AcCystatin administration significantly reduced the cellular
infiltrate in the perivascular and peribronchial lung tissues and
reduced both goblet mucous production and eosinophil infil-
tration. The rats that were treated with AcCystatin before or
after sensitisation with OVA showed significant decreases in
eotaxin-1, eotaxin-3 and MCP-1 expression in the lung tissue.
The production of IL-4, IL-5, IL-6 and IL-17A and of OVA-
specific IgE antibodies was also significantly reduced in
AcCystatin-treated rats compared with untreated asthmatic
rats. The AcCystatin treatment was associated with a signifi-
cant increase in IL-10 levels. Our present findings provide the
first demonstration that AcCystatin is an effective agent in the
prevention and treatment of the airway inflammation associ-
ated with asthma.
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Introduction

Asthma, which affects more than 300 million individuals and
causes approximately 250,000 annual deaths, is a serious
health and socioeconomic issue across the world. This chronic
inflammatory lung disease is characterised by airway eosino-
phil accumulation, intermittent airway obstruction,
hyperresponsiveness and airway wall remodelling, in addition
to mucus hyper-production in response to inhaled allergens or
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nonspecific stimuli (Roche et al. 1989; Kay 1991; Bousquet
et al. 2000; Kudo et al. 2013). Airway remodelling is specif-
ically characterised by structural and morphometric changes
to the airway, including subepithelial fibrosis, epithelial hy-
pertrophy, goblet cell hyperplasia and smooth muscle hyper-
trophy (Jeffery 1991; Aikawa et al. 1992). Eosinophils, the
major effector cells in the pathogenesis of asthma, play a
crucial role in the initial symptoms of asthma, including
airway inflammation (Kay 1991). Asthma is classically
recognised as a typical Th2 disease, in which the inflamma-
tory process is dominated by Th2 cells that release the cyto-
kines interleukin (IL)-4, IL-5 and IL-13. The emerging Th2
cytokines modulate airway inflammation by activating eosin-
ophils and inducing immunoglobulin E (IgE) production
(Robinson et al. 1992; Nakajima and Hirose 2010) Further-
more, chemokines have now emerged as potentially critical
molecules in the pathogenesis of airway inflammation in
asthma, acting as leukocyte chemoattractants, cellular activat-
ing factors and regulators of homeostatic immunity
(Rothenberg et al. 1999). Oral or inhaled corticosteroids and
steroids are the first choices for preventative and relief-
providing asthma treatments. However, these drugs, in addi-
tion to potential resistance (Barnes 2013) and undesired sys-
temic and local side effects, such as osteoporosis (Hurson,
et al. 2007), hypertension (Goodwin et al. 2011), fluid reten-
tion (Rhen and Cidlowski 2005; Urbańska et al. 2014) and
hypersensitivity (Shakouri and Bahna 2013), are not curative
(Apter 2014). Thus, the development of efficient alternative
agents and therapeutics for asthma is urgently needed.

Epidemiological and experimental studies have provided
strong evidence that infections with parasitic worms (espe-
cially parasitic helminths) not only can downregulate parasite-
specific immune responses, but also are negatively related to
autoimmune and allergic inflammatory responses (Wammes
et al. 2014; Garg et al. 2014). The down-modulation of aller-
gic and inflammatory immune responses by secreted immu-
noregulatory factors from parasites has been regarded as a
crucial strategy of worm survival, which is initiated to mod-
ulate the host immune responses directed against them
(Schnoeller et al. 2008). Among the secreted immunomodu-
lators, cysteine protease inhibitors (cystatins) from various
parasitic worms have been demonstrated to be of major im-
portance (Vray et al. 2002). Cystatins of ectoparasites exert
their immunoregulatory activities by interfering with antigen
processing and presentation, T cell responses and the modu-
lation of cytokines and nitric oxide production (Zavasnik-
Bergant 2008; Hartmann and Lucius 2003).

We previously described the in vitro immunoregulatory
properties of the purified recombinant cystatin from
Angiostrongylus cantonensis (AcCystatin; Liu et al. 2010).
In this study, we describe a novel mechanism of
immunomodulation in which AcCystatin prevents murine
allergic airway reactivity, most likely via the following

mechanisms: the suppression of the expression of the cyto-
kines IL-4, IL-5, IL-6 and IL-17A; the reduced expression of
the chemokines eotaxin-1, eotaxin-3 and MCP-1; and the
decreased production of OVA-specific IgE antibodies, con-
comitant with the enhancement of IL-10 release.

Methods

Preparation of recombinant AcCystatin

Recombinant AcCystatin was obtained and purified as previ-
ously described (Liu et al. 2010), and subsequent endotoxin
removal was performed using Detoxi-Gel Endotoxin Remov-
ing Columns (Thermo Scientific, USA) according to the man-
ufacturer’s instructions, resulting in 0.05 endotoxin units per
milligram protein as indicated by the Limulus Amebocyte
Lysate Chromogenic Endotoxin Quantitation Kit (Thermo
Scientific, USA).

Animals and experimental design

The 32 male Wistar rats used for this study were purchased
from the Experimental Animal Centre of Sun Yat-sen Univer-
sity (SYSU). The experimental protocols were approved by
the Institutional Animal Care and Use Committee of Sun Yat-
sen University. All of the animals were housed in a specific
pathogen-free environment and maintained on a 12 h light–
dark cycle, with water and food ad libitum at the Experimental
Animal Centre of SYSU. These protocols were in accordance
with the regulations of the Guide for the Care and Use of
Experimental Animals of the National Institutes of Health.
Eight-week-old rats were randomly divided into 4 groups (8
rats per group): controls treated with phosphate-buffered sa-
line (PBS; group I), a group with asthma induced by
ovalbumin/aluminium hydroxide (OVA/Al[OH]3) (group II),
a group pre-treated with AcCystatin and with asthma induced
byOVA/Al[OH]3 (group III) and a group with asthma induced
by OVA/Al[OH]3 followed by treatment with AcCystatin
(group IV).

Administration of OVA and aluminium hydroxide

Rats in groups II, III and IV were sensitised intraperitoneally
with a mixture of 10 μg of OVA (Sigma, China) in 250 μl of
Al[OH]3 colloidal suspension (10 mg, Sigma, China; day 1)
and were boosted subcutaneously with 10 μg of OVA emul-
sified in 250 μl of PBS 7 days later (day 8). On the 15th day, a
single 15-min airway challenge with aerosolised 1%OVA (w/
v) in PBS was performed as described (de Oliveira et al. 2007)
using an ultrasonic nebuliser (Yuyue 402A type I, Shanghai
Yu Yue Medical Equipment Co., Inc., Shanghai, China) that
produced a flow from 4 to 8 l/min and particle sizes from 0.5
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to 5 mm. Animals in groups III and IV were intraperitoneally
administered 250 μl of AcCystatin (500 μg per rat) in PBS on
days 0 and 14, respectively. The rats in the control group
underwent mock sensitisation with intraperitoneally adminis-
tered sterile PBS and were challenged with an aerosol of
sterile PBS instead of OVA. All the animals were exsangui-
nated by sectioning the abdominal aorta under deep chloral
hydrate-induced anaesthesia (400 mg/kg, intraperitoneally)
and were sacrificed by cervical dislocation 24 h after the
aerosol challenge.

Bronchoalveolar lavage and cell counts

Bronchoalveolar lavage was performed 24 h after the chal-
lenge, with the rats under deep anaesthesia. The lungs from
each animal were lavaged in situ with a total volume of 10 ml
(2.5 ml×4 times) ice-cold 1×PBS. The cells in bronchoalve-
olar lavage fluid (BALF) were harvested by centrifugation at
3,000 rpm for 10 min at 4 °C, followed by suspension of the
cell pellet in 200 μl of 1×PBS. The cells were then smeared
on a glass slide and stained with a Diff-Quick staining set
(Laboklin, Germany). The eosinophil count in the BALF was
determined in triplicate using standard morphologic criteria
and expressed as a percentage of total cells, as described
elsewhere (Chang et al. 2004).

The peripheral blood of the rats was collected by sectioning
the abdominal aorta under deep chloral hydrate-induced an-
aesthesia. The numbers of leukocytes, including eosinophils,
basophils, neutrophils, lymphocytes and monocytes, in the
peripheral blood of each animal were detected using a Veter-
inary Multi-species Haematology System (Hemavet 950 FS,
Drew Scientific Group; Li et al. 2014).

Real-time RT-PCR for the quantification of chemokine
expression

The isolated lung tissues of the rats were either used immedi-
ately or snap-frozen in liquid nitrogen and stored at −80 °C
until use. Total RNA was extracted from the tissue using
TRIzol® reagent (Life Technologies, USA), and the concen-
tration of purified total RNA was determined at 260 nm in a
NanoDrop™ 2000/2000c Spectrophotometer (Thermo Scien-
tific, USA). The RNA was then reverse-transcribed at 42 °C
for 1 h with a RevertAidTM First Strand cDNA Synthesis Kit
(Thermo Scientific, USA). The quantification of rat chemo-
kine (eotaxin-1, eotaxin-2, eotaxin-3 and MCP-1) and β-actin
(internal control) expression was determined by real-time
PCR using the following primers: eotaxin-1 forward primer,
5′-GAG AAT ATC GGC ACC CAT CCC-3′, and reverse
primer, 5′-AGT CCT CCT ATC ATC CTC AGT TAC C-3′;
eotaxin-2 forward primer, 5′-ACC TGG ATG CCA AGA
GAA AC-3′, and reverse primer, 5′-TCT GGA TGA CAA
ACT TGG GA-3′; eotaxin-3 forward primer, 5′-ACG TGT

GAG AGT GAA ATG CC-3′, and reverse primer, 5′-GAG
CTG TCGGTGATC TGGTA-3′; MCP-1 forward primer, 5′-
GGC CTG TTG TTC ACAGTT GCT-3′, and reverse primer,
5′-TCT CAC TTG GTT CTG GTC CAG T-3′; MCP-3 for-
ward primer, 5′-AAAGGG CATGGAAGT CTG TG-3′, and
reverse primer, 5′-ACCGTAGTCCACCCATTT CA-3′ and
β-actin forward primer, 5′-GGC ATC CTG ACC CTG AAG
TA -3′, and reverse primer, 5′-CTC TCA GCT GTG GTG
GTG AA-3′. SYBR® Green I (Life Technologies, USA) was
used for the detection and quantification of specific target
genes and a housekeeping control (rat β-actin). This analysis
was performed using the StepOne™ Real-Time PCR System
(Invitrogen, USA), according to the manufacturer’s protocol.
For each sample, quantitative RT-PCR was performed in
triplicate with the LightCycler®480 System (Roche, Switzer-
land) using universal cycling conditions as follows: one
10 min cycle at 95 °C (enzyme activation), 35 cycles of 15 s
at 95 °C (denaturation) and 30 s at 60 °C (annealing/exten-
sion), and one cycle from 60 to 95 °C with an increase of
0.7 °C/s for melting. The levels of chemokine expression
were calculated with the corresponding normalised
values of β-actin control (fold change=2−△△CT) using
the software provided with the instrument.

Cytokine and OVA-specific IgE assays

The levels of interferon-γ (IFN-γ), IL-4, IL-5, IL-6 and IL-10
in the BALF of the rats were detected using the commercially
available rat enzyme-linked immunosorbent assay (ELISA)
kits from R&D Systems. The levels of tumour necrosis factor
receptor-α (TNF-α) and IL-17A were measured with rat
ELISA kits (eBioscience, USA).

The serum level of OVA-specific IgE was determined
using a rat ELISA kit (Shanghai Enzyme-linked Biotechnol-
ogy Co., Ltd, China) according to the protocol. The absor-
bance of the samples was measured at 450 nm using a spec-
trophotometer (Thermo Electron Corporation, USA).

Lung histology

Treated and control rat lungs were fixed in 10 % phosphate-
buffered formaldehyde overnight and paraffin embedded, af-
ter which thin sections (2–3 μm) were cut and stained with
haematoxylin-eosin or periodic acid-Schiff (PAS) reagent for
mucus staining, according to standard protocols (Chen et al.
2013). Images of the stained sections were visualised with a
Leica DM2500 microscope (Leica Microsystems, Canada).
Lung inflammation was assessed by two independent pathol-
ogists who were blinded to the treatment groups. The degree
of peribronchial and perivascular inflammation and the inten-
sity of goblet cell metaplasia were qualitatively evaluated on a
subjective scale of 0, 1, 2 and 3, respectively, corresponding to
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none, slight, moderate and strong inflammation or goblet cell
metaplasia, as described previously (Wild et al. 2000).

Statistical analysis

The statistical analyses were performed with GraphPad Prism
5.0 (GraphPad Software, Inc., USA) using a one-way analysis
of variance followed by the Tukey–Kramer test. The data were
presented as the means±standard derivation (SD). Differences
among the comparisons were considered statistically signifi-
cant when the P value was less than 0.05.

Results

Effects of AcCystatin administration on leukocytes and cell
subpopulations

Figure 1 shows the cellular profiles of the peripheral blood.
The cell numbers in the control samples ranged from 0.02×
106±0.01×106 (basophils) to 2.63×106±0.48×106 (lympho-
cytes). OVA sensitisation increased the number of total leu-
kocytes, eosinophils, neutrophils, lymphocytes and mono-
cytes by 196, 230, 361, 189 and 287 %, respectively. Except
for basophils, all the other cell numbers were significantly
inhibited by the pretreatment with AcCystatin before OVA
sensitisation (AcCystatin/OVA; Fig. 1), whereas no obvious
changes were observed for any cell counts in rats treated with
AcCystatin after OVA sensitisation (OVA/AcCystatin) com-
pared with the counts in OVA rats (Fig. 1). AcCystatin/OVA-
induced significant reductions in the numbers of leukocytes,
lymphocytes and neutrophils relative to OVA/AcCystatin
treatment, with no changes observed between the two groups
in the numbers of other cell types (Fig. 1).

As depicted in Fig. 1g, very few eosinophils were detected
in BALF from the control animals. However, the number of
eosinophils recovered from the BALF of the rats exposed to
OVAwas 50.1-fold higher than that recovered from the con-
trol group (P<0.001). A significant decrease in the eosinophil
number in BALFwas observed in AcCystatin/OVA and OVA/
AcCystatin rats compared with the OVA animals (P<0.001
and P<0.005, respectively), and no evident difference
(P>0.05) in the number of BALF eosinophils was found
between the AcCystatin/OVA and OVA/AcCystatin groups.

Effect of AcCystatin treatment on the expression levels
of chemokines in an allergic model of asthma

To assess the expression levels of the eotaxin-1, -2 and -3, and
MCP-1 and -3 transcripts, real-time PCR analyses were per-
formed using mRNA isolated from lung samples of the con-
trol and treated groups. As illustrated in Fig. 2, the mRNA

expression levels of eotaxin-1, eotaxin-3, MCP-1 and MCP-3
in the lungs were strongly induced by OVA-sensitisation
compared with the mRNA expression levels in control rats.
These results are in agreement with the accumulation of total
inflammatory cells and eosinophils in the peripheral blood and
are consistent with intense lung eosinophilia in OVA-
immunised rats (Fig. 1). However, the administration of
AcCystatin before or after OVA sensitisation resulted in a
significant decrease (P<0.05, P<0.01 or P<0.001) in the
transcript levels of these chemokines (except for MCP-3)
compared with the expression observed in OVA-sensitised
rats. No differences in the levels of eotaxin-2 were observed
among the OVA/AcCystatin, AcCystatin/OVA or control
groups (Fig. 2).

Effect of AcCystatin treatment on productions of cytokines
in BALF

To more specifically address how AcCystatin affects the im-
mune responses in a murine allergic asthma model, the pro-
duction of various cytokines in the BALF was examined.
Although there were no significant differences in the levels
of IFN-γ, IL-10 and TNF-α between OVA-sensitised and
control rats, the proinflammatory factor IL-6, Th2 cytokines
IL-4 and IL-5 and Th17 cytokine IL-17A were significantly
higher in the OVA-sensitised rats (P<0.05, P<0.01 or
P<0.001) compared with the untreated animals (Fig. 3). Sig-
nificant decreases in the secretion of cytokines, including IL-
4, IL-5, IL-6 and IL-17A (P<0.05, P<0.01 or P<0.001),
accompanied by a marked elevation of IL-10 (P<0.05 and
P<0.001, respectively), were observed in both OVA/
AcCystatin and AcCystatin/OVA groups relative to the OVA
group. Moreover, IL-6, IL-10 and IL-17A were significantly
downregulated in the OVA/AcCystatin group compared with
the AcCystatin/OVA group. In contrast, no differences in the
levels of IFN-γ, IL-4, IL-5 and TNF-α were observed be-
tween the two experimental groups (Fig. 3).

OVA-specific immunoglobulin (OVA-IgE) in sera and BALF

Antigen-specific Th2 responses are known to induce the pro-
duction of the antigen-specific IgE antibody. Therefore, in the
present study, we used an ELISA to evaluate the effect of
AcCystatin on OVA-specific IgE release in an allergic model
of asthma. As shown in Fig. 4, the levels of OVA-IgE in serum
and BALF were significantly higher in OVA-sensitised rats
compared with the levels observed in the control rats (P<0.01
and P<0.01, respectively). AcCystatin/OVA significantly
suppressed OVA-induced IgE production in serum and BALF
(P<0.01 and P<0.05, respectively), whereas a clear inhibition
was only found in BALF OVA-IgE following OVA/
AcCystatin administration (P<0.05). As expected, trace
OVA-IgE levels were detected in the control rats (Fig. 4).
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Effect of AcCystatin treatment on lung inflammation
in OVA-sensitised rats

As shown in Fig. 5, lung histological sections of rats from
different groups were photographed at ×40magnification. The
lung tissue structures in the control rats were well defined,

without discernible damage, oedema, or thickened bronchial
mucosa. Moreover, the bronchioles and blood vessels were
not infiltrated peripherally by inflammatory cells (Fig. 5d).
However, H&E staining of the lung sections revealed typical
pathological features of asthma in the OVA-sensitised rats.
These features included internal haemorrhaging and

Fig. 1 Effect of AcCystatin on inflammatory cell accumulation in the
peripheral blood (PB) and the eosinophil count in the BALF. The num-
bers of leukocytes (a), lymphocytes (b), monocytes (c), basophils (d),
eosinophils (e) and neutrophils (f) in the peripheral blood were measured
using a Veterinary Multi-species Haematology System. BAL cells were
smeared on a glass slide and stained using a Diff-Quick staining set and
the eosinophil count in the BALF was determined in triplicate using

standard morphologic criteria and was expressed as a percentage of the
total number of cells. The total cell counts and the differential cell counts
in the BALF and the PB were determined 24 h after the final OVA
exposure. The data are presented as the means±SD of 8 rats per group.
*P<0.05, **P<0.01 and ***P<0.001 compared with the Blank group.
##P<0.01 and ###P<0.001 compared with the OVA group. ▲P<0.05
and ▲▲▲P<0.001 compared with the OVA/AcCystatin group
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interstitial oedema in the lung tissue and bronchial structures
as well as thickened bronchial mucosa and vascular walls
infiltrated by a multitude of lymphocytes, neutrophils and
eosinophils (Fig. 5c). PAS staining further revealed mucus
overproduction and marked goblet cell hyperplasia in the
bronchial airways of the asthmatic animals (Fig. 6c). Histo-
logic changes associated with cellular infiltration (Fig. 5a, b,
H&E), goblet cell hyperplasia and mucus production
(Fig. 6a, b, PAS) were strongly reduced in OVA-sensitised
rats that were pre-treated or treated with AcCystatin, similar to
the features observed in the control group. In addition, the
scores for peribronchial and perivascular inflammation and
goblet cell metaplasia were significantly higher in the asthma
model than the control rats. AcCystatin pre-treatment or treat-
ment was efficacious in decreasing these scores (Fig. 7).

Discussion

Allergic asthma is a common chronic inflammatory airway
disorder characterised by recurrent episodes of airway

obstruction, and both its prevalence and worldwide burden
on health-care costs have continued to increase (Martinez and
Vercelli 2013). Despite a large amount of research in the past
decade on the mechanisms underlying the genetics, natural
history and pathogenesis of this mysterious disease, large gaps
in our knowledge remain (Martinez and Vercelli 2013). In the
present study, we evaluated, for the first time, the inhibitory
effects of the intraperitoneal administration of AcCystatin, a
cysteine protease inhibitor from A. cantonensis, on asthmatic
responses using an OVA-induced murine asthma model. The
OVA-challenged asthmatic rats exhibited eosinophilia, airway
inflammation, mucus hypersecretion and elevated levels of
IL-4, IL-5, IL-6, IL-17A, eotaxin-1, eotaxin-3, MCP-1 and
MCP-3 in the BALF or lungs. In contrast, the AcCystatin-
treated animals had fewer inflammatory cells, particularly
eosinophils, neutrophils, monocytes and lymphocytes, in the
BALF or peripheral blood. These animals also exhibited
lower levels of IL-4, IL-5, IL-6, IL-17A, eotaxin-1,
eotaxin-3 and MCP-1 in the BALF or lung tissue com-
pared with the Alum/OVA-sensitised/-challenged rats. In
addition, AcCystatin significantly increased the expres-
sion of IL-10 in BALF. According to the histological

Fig. 2 Effect of AcCystatin treatment on chemokine production in the
lung tissues of OVA-sensitised asthmatic rats. The levels of chemokine
expression were determined via quantitative real-time PCR using primers
specific for rat eotaxin-1, eotaxin-2, eotaxin-3, MCP-1 and MCP-3. The

values are presented as the means±SD. *P<0.05, **P<0.01 and
***P<0.001 compared with the Blank group. #P<0.01, ##P<0.01 and
###P<0.001 compared with the OVA group
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analysis, AcCystatin attenuated inflammatory cell infiltra-
tion into the airway and suppressed the OVA challenge-
induced mucus overproduction.

Asthma is a complex condition with multiple aetiologies,
and its development is considered to be an intricate interaction
between genetic and environmental factors, although which
environmental factors are responsible is not clear (Sears 1997;
Tattersfield et al.; 2002). Increasing numbers of investigations
have demonstrated that chronic helminth infections are signif-
icantly associated with a reduced prevalence of inflammatory
disorders, including allergic asthma, among populations in
helminth-endemic areas (Leonardi-Bee et al. 2006; Amoah

et al. 2012). This protective effect may be greatest in individ-
uals who are sensitised to allergens (van den Biggelaar et al.
2000) and is likely driven by end-organ suppression of Th2-
mediated immunity by mechanisms that evolved in the para-
site to protect it against host immunity (Scrivener et al. 2001;
Tattersfield et al. 2002). The immunological mechanisms of
the helminth-mediated modulation of allergies mainly consist
of (1) the enhancement or suppression of allergic inflamma-
tion directed against the parasite (Hoerauf et al. 2005), (2)
immunological cross-reactivity between helminth allergens
and aeroallergens (Arruda and Santos 2005) and (3) impacts
on allergic inflammation directed against aeroallergens

Fig. 3 Effect of AcCystatin treatment on systemic cytokine production in
the BALF of OVA-sensitised asthmatic rats. The concentrations of these
cytokines were measured at 24 h after the final OVA challenge via
ELISA. The values are expressed as the means±SD. *P<0.05,

**P<0.01 and ***P<0.001 compared with the Blank group. #P<0.05,
##P<0.01 and ###P<0.001 compared with the OVA group. ▲P<0.05,
▲▲P<0.01 and ▲▲▲P<0.001 compared with the OVA/AcCystatin
group
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through bystander effects in tissues such as the lungs (Araujo
et al. 2004; Cooper et al. 2006; Turner et al. 2008; Cooper
2009). Helminth-induced mechanisms not only regulate host
immunity to the worms, resulting in a mutually beneficial
environment for survival of both the parasite and host, but
also may control the development of allergic diseases. Defin-
ing and characterising specific helminth molecules that have
excellent immunomodulatory capacities as targets for thera-
peutic application in the treatment or prophylaxis of allergic
manifestations are of great interest (Elliott and Weinstock
2009; Smits et al. 2010).

Cystatins, natural tight-binding reversible inhibitors of cys-
teine proteases, are present in mammals and parasites, and
increasing data have proven that parasite cystatins belong to a
new category of immunomodulatory molecules (Vray et al.
2002; Brid et al. 2009). In the immune system, cystatins
interfere with the processes of antigen processing and

presentation by inhibiting the activities of cysteine proteases,
including cathepsins B, L and S. These are the key enzymes
for antigen processing and presentation in antigen-presenting
cells and inhibition of their function results in a reduction in T
cell responses (Zavasnik-Bergant 2008). Parasite cystatins
also increase nitric oxide synthesis by interferon gamma-
activated murine macrophages, demonstrating proinflamma-
tory properties under certain circumstances (Klotz et al. 2011).
Cystatins from parasites, particularly nematodes, are
characterised by the stimulation of IL-10 production and the
modulation of cytokine responses. These effects contribute to
the induction of an anti-inflammatory environment and a
significant suppression of cellular proliferation (Hartmann
and Lucius 2003).

Th2 cytokines, including IL-4 and IL-5, play key roles in
the initiation and progression of allergic asthma and are highly
associated with airway inflammation and mucus production

Fig. 4 The serum and BAFL
levels of OVA-specific IgE were
assessed via ELISA as described
in the “Methods” section. The
data are presented as the means±
SD of 8 rats per group. ∗∗P<0.01
and ∗∗∗P<0.001 compared with
the Blank group. #P<0.05 and
##P<0.01 compared with the
OVA group

Fig. 5 Effect of AcCystatin on
eosinophil infiltration into the
lungs. Photomicrographs (×40) of
representative sections of rat
lungs from the AcCystatin/OVA
group (a), the OVA/AcCystatin
group (b), the OVA group (c) and
the Blank group (d) stained with
haematoxylin and eosin were
captured to detect eosinophil
infiltration
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(Brusselle et al. 1994; Lee et al. 2011). IL-4 enhances tissue
homing of inflammatory effector cells (Busse and
Rosenwasser 2003; Romagnani 2004), promotes immuno-
globulin class switching to IgG1 and IgE and positively
regulates mast cell and eosinophil growth and differentiation,
further promoting Th2 differentiation (Hsieh et al. 1992;
Rincon et al. 1997). IL-5 is closely associated with airway
eosinophilia and hyper-reactivity; moreover, it is critical for
the differentiation, maturation and survival of eosinophils,
resulting in an overproduction of IgE and mucus (Zhou et al.
2011). Taken together, these previous results provide strong
evidence for a crucial role of Th2 cytokines in the pathogen-
esis of allergic asthma. Therefore, a decrease in Th2 cytokine
secretion could exhibit therapeutic benefits to asthmatic pa-
tients and animal models (Lee et al. 2011; Yuk et al. 2011). In

contrast, the AcCystatin-treated rats exhibited reduced Th2
cytokine expression, with a reduction in IL-4 and IL-5 levels.
In addition, these animals exhibited decreased inflammatory
cell infiltration into the airway and a suppression of mucus
release compared with the OVA-sensitised/challenged ani-
mals. These results are consistent with the results of the
histological analyses. Based on our observations, AcCystatin
appears to effectively ameliorate the asthmatic response by
downregulating Th2 cytokines.

IL-10 was reported to redirect pathologic allergic responses
by a broad range of suppressive mechanisms. This anti-
inflammatory cytokine downregulates Th2 responses
(Barnes 2001) and modulates pulmonary inflammation and
asthma by inhibiting allergen-specific IgE production and
inducing non-inflammatory antibody isotypes (Borish et al.

Fig. 6 Effect of AcCystatin on
goblet cell hyperplasia in the
lungs. Photomicrographs (×40) of
representative sections of rat
lungs from the AcCystatin/OVA
group (a), the OVA/AcCystatin
group (b), the OVA group (c) and
the Blank group (d) stained with
PAS were captured to analyze
goblet cell hyperplasia. The
arrows indicate areas displaying
goblet cell metaplasia

Fig. 7 Effect of AcCystatin administration on peribronchial and
perivascular inflammation (a) and goblet cell metaplasia (b). Two
pathologists blinded to the treatment groups evaluated the degree of
peribronchial and perivascular inflammation and goblet cell metaplasia

on a scale of 0–3. The values are presented as the means±SD of 8 rats per
group. ∗P<0.05 and ∗∗∗P<0.001 compared with the Blank group.
##P<0.01 and ###P<0.001 compared with the OVA group
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1996; Larché et al. 2006; Taylor et al. 2006). IL-10 is also
reported to be a multi-potent immunosuppressive cytokine,
suppressing proinflammatory cytokines, such as TNF-α,
IFN-γ and IL-6. Such cytokines are released by resident cells
and inflammatory cells, such as endothelial cells, monocytes/
macrophages, lymphocytes and mast cells (Moore et al. 2001;
Asadullah et al. 2003). Other studies have also shown the
underproduction of IL-10 by alveolar macrophages and in
the sputum of patients with asthma (Borish et al. 1996), but
the IL-10 levels in allergic patients undergoing successful
immunotherapy are increased (Akdis 2006). Moreover, IL-
10 secreted by T regulatory cells prevents allergic inflamma-
tion in healthy individuals and provides long-term relief from
symptoms in allergic inflammation (Fu et al. 2006; Urry et al.
2006). Our data indicate a significant elevation of IL-10
production in the OVA-induced murine asthma model treated
with AcCystatin, suggesting an essential role of IL-10 in
AcCystatin-regulated airway inflammation.

The production of IL-17A increases in the bronchoalveolar
lavage fluid of asthmatic patients, with a positive correlation
with disease severity and airway reactivity (Molet et al. 2001;
Al-Ramli et al. 2009). IL-17A mediates neutrophil infiltration
into the airway (Newcomb et al. 2013), increases Th2-
mediated airway reactivity and airway inflammation
(Wakashin et al. 2008; Barlow et al. 2011) and increases
mucous cell metaplasia in airway epithelial cells (Hashimoto
et al. 2005; Newcomb et al. 2013). Notably, these effects are
inhibited by the regulatory cytokine IL-10 through the nega-
tive regulation of IL-17A expression in Th17 cells (Newcomb
et al. 2012). Our report shows that treatment with AcCystatin
during sensitisation with a model allergen, including treatment
before the challenge, leads to a strong reduction in IL-17A
levels and a significant increase in IL-10 levels, suggesting
that AcCystatin attenuates asthmatic inflammation by direct or
IL-10-dependent interference with IL-17A production.

Eosinophils and neutrophils have been proven to be in-
volved in the development and severity of asthma by directly
damaging lung tissue due to the toxic products in their gran-
ules (Taube et al. 2004; Kita 2013) Therefore, chemokines,
released by airway epithelial cells and dendritic cells upon
allergen contact, are at a critical interface of the asthmatic
immune response with respect to the recruitment and accu-
mulation of eosinophils and neutrophils in the airway under-
going an allergic reaction (Folkerts and Nijkamp 1998;
Lukacs et al. 1999). The data from our animal study demon-
strate that the administration of AcCystatin in OVA-sensitised
and challenged rats can decrease airway eosinophil and neu-
trophil numbers, and these results are consistent with the
reductions in the levels of the chemoattractants eotaxin-1,
eotaxin-3, MCP-1 and IL-5.

A recent study demonstrated that parasite cystatins exhibit
immunomodulatory effects on the immunocytes of mice via
the suppression of Th2-related inflammation and the ensuing

asthmatic disease in a murine model of OVA-induced allergic
airway responsiveness. Specifically, these results were found
to be mediated by an induction of IL-10-producing macro-
phages (Schnoeller et al. 2008). These previous findings are
supported by the results of our study. In summary, the present
results suggest that AcCystatin, an immunoregulatory mole-
cule from A. cantonensis, attenuates the asthmatic response
induced by OVA challenge, resulting in a clear increase in the
anti-inflammatory cytokine IL-10 levels, a suppression of
Th2-mediated cytokine and IL-17A release and a decrease in
chemokine expression. These findings indicate that
AcCystatin could be a candidate for a novel type of therapeu-
tic for the prevention and treatment of allergic asthma.
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