
Modulation of dendritic cell function and immune response by

cysteine protease inhibitor from murine nematode parasite
Heligmosomoides polygyrus

Yanxia Sun, Guiyun Liu, Zhaotao

Li, Yue Chen, Yunfeng Liu, Boyu

Liu and Zhong Su

Laboratory of Immunobiology, Centre for

Infectious Diseases and Immunology, State

Key Laboratory of Respiratory Diseases, Gu-

angzhou Institutes of Biomedicine and Health,

Chinese Academy of Sciences, Guangzhou,

China

doi:10.1111/imm.12049

Received 21 August 2012; revised 27

November 2012; accepted 28 November

2012.

Correspondence: Zhong Su, Laboratory of

Immunobiology, Guangzhou Institutes of

Biomedicine and Health, Chinese Academy

of Sciences, 190 Kaiyuan Avenue, Guangz-

hou Science Park, Guangzhou 510530,

China. Email: su_zhong@gibh.ac.cn

Senior author: Zhong Su

Summary

Modulation and suppression of the immune response of the host by nem-

atode parasites have been reported extensively and the cysteine protease

inhibitor (CPI or cystatin) is identified as one of the major immunomod-

ulators. In the present study, we cloned and produced recombinant CPI

protein from the murine nematode parasite Heligmosomoides polygyrus

(rHp-CPI) and investigated its immunomodulatory effects on dendritic

cell (DC) function and immune responses in mice. Bone-marrow-derived

CD11c+ DC (BMDC) that were exposed to rHp-CPI during the differenti-

ation stage showed reduced MHC-II molecule expression compared with

BMDC that were generated in normal culture conditions. The BMDC gen-

erated in the presence of rHp-CPI also exhibited reduced expression of

CD40, CD86 and MHC-II molecules and reduced interleukin-6 and

tumour necrosis factor-a cytokine production when stimulated with Toll-

like receptor ligand CpG. Activation of BMDC generated in normal condi-

tions induced by lipopolysaccharide and CpG was also suppressed by

rHp-CPI, as shown by reduced co-stimulatory molecule expression and

cytokine production. Furthermore, BMDC treated with rHp-CPI before

ovalbumin (OVA) antigen pulsing induced a weaker proliferation

response and less interferon-c production of OVA-specific CD4+ T cells

compared with BMDC without rHp-CPI pre-treatment. Adoptive transfer

of rHp-CPI-treated and OVA-loaded BMDC to mice induced significantly

lower levels of antigen-specific antibody response than the BMDC loaded

with antigen alone. These results demonstrated that the CPI from nema-

tode parasites is able to modulate differentiation and activation stages of

BMDC. It also interferes with antigen and MHC-II molecule processing

and Toll-like receptor signalling pathway, resulting in functionally

deficient DC that induce a suboptimum immune response.

Keywords: cysteine protease inhibitor; dendritic cell; immunosuppression;

nematode.

Introduction

Nematode parasite infections are common in many parts

of the world and cause significant health problems in

humans.1 Infections with this group of pathogens often

undergo a chronic and asymptomatic course and induce

a T helper type 2-dominated immune response.2,3 In

addition, nematode infections often induce immunosup-

pression, which is believed to be an important strategy

for the survival of the parasite in the host.4,5 The immu-

nosuppression associated with nematode infection is also

demonstrated as the suppression of immune responses to

unrelated antigens and immune protection against con-

current infection with other pathogens.6,7 Epidemiological

studies showed that helminth infections in human popu-

lations are also associated with decreased prevalence of

autoimmune disorders and allergic diseases (hygiene

hypothesis).8,9
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Although nematode infections are known to elicit T

helper type 2-dominant immune responses, which are

required for immune protection against the nematode

pathogens,10 many studies show that these pathogens also

induce a regulatory T-cell response and cytokines that

mediate the immunosuppression.11–13 In mice infected

with the murine nematode parasite, Heligmosomoides

polygyrus, we identified a subset of dendritic cells (DC)

that are selectively expanded following H. polygyrus infec-

tion and induce interleukin-10 (IL-10) production by T

cells and FoxP3+ CD4+ T-cell response.14 Previous studies

with H. polygyrus and other nematode species also demon-

strated that the crude preparation or excretory–secretory
(ES) products from the parasites are able to modulate the

phenotypes and functions of immune cells.15–17 It has been

reported that the ES products from H. polygyrus can mod-

ulate the antigen presentation function of DC and specifi-

cally induce an IL-10-producing T-cell response.15

However, the immunoregulatory molecule(s) produced by

H. polygyrus have not been fully characterized.

A number of studies in recent years have shown that

cysteine proteases inhibitor (CPI; cystatin) is one of the

major immune modulators produced by nematode para-

sites.18,19 Cystatin modulates the activity of cathepsins in

the endosome of DC and so interferes with the antigen

presentation.20,21 It is also reported that cystatin could

induce tumour necrosis factor-a (TNF-a) and IL-10 syn-

thesis, or stimulate production of nitric oxide, which is

an inhibitor of parasitic cysteine proteases.22,23 In the

present study, we cloned the CPI gene from H. polygyrus,

produced the recombinant protein and analysed its

immune modulatory activity. We observed that the

recombinant CPI from H. polygyrus (rHp-CPI) signifi-

cantly modulated not only DC differentiation from

precursor, but also the phenotype and function of the

mature DC in vitro. In vivo study also showed that rHp-

CPI can down-regulate the antibody response to antigen

stimulation.

Material and methods

Animal and parasite

Six- to 10-week-old female BALB/c mice were obtained

from Vital River Laboratory (Beijing, China). DO11.10

ovalbumin (OVA) -specific T-cell receptor (TCR) trans-

genic mice (on BALB/c background) were purchased

from the Nanjing University Model Animal Research

Centre (Nanjing, China). Mice were housed in the animal

facility of the Guangzhou Institutes of Biomedicine and

Health under specific pathogen-free conditions. All ani-

mal experiments were carried out in accordance with the

national animal protection guidelines and approved by

the Institutional Animal Care and Use Committee. The

H. polygyrus parasites were kindly provided by Dr M.

Scott (McGill University, Montreal, Canada) and main-

tained in BALB/c mice as previously described.24 To pre-

pare ES products from the parasite, BALB/c mice were

infected by oral inoculation with 400 third-stage larvae

(L3) and killed 20 days after infection. The H. polygyrus

adult worms were collected from the small intestine,

washed extensively with sterile endotoxin-free PBS (Gi-

nuo, Hangzhou, China) containing 200 U/ml penicillin

and 200 mg/ml streptomycin (HyClone, Beijing, China)

and cultured at a density of approximately 1000 worms/

ml of RPMI-1640 medium (Invitrogen, Shanghai, China)

supplemented with 2% glucose (Sigma-Aldrich, Rockville,

MD) and antibiotics for 36 hr at 37°. The supernatant

was harvested, centrifuged to remove eggs and worm

debris, and stored at �80° until used.

Cloning, expression and purification rHp-CPI

Heligmosomoides polygyrus adult worms were collected

from the intestines of mice 3 weeks after H. polygyrus L3

infection. Total RNA was isolated from adult worm

homogenate using an RNA isolation kit (Omega Bio-Tek,

Guangzhou, China) and reverse transcribed (Promega

Corporation, Madison, WI). The cDNA fragment of CPI

was amplified with Taq DNA polymerase (TaKaRa,

Dalian, China). The sense 5′-TCA TCT CAA GTT GTT

GCT GG-3′ and antisense 5′-AAT CTT CCC ATG GCT

TCT-3′ primer sequences used for amplification were

based on conserved sequences of cystatins previously

described for Nippostrongylus brasiliensis, Onchocerca vol-

vulus, Brugia malayi, Haemonchus contortus and Caenor-

habditis elegans in GenBank. Based on the nucleotide

sequence of cDNA fragments, specific primers were syn-

thesized for 3′- and 5′-rapid amplification of cDNA ends

(RACE; TaKaRa Biotechnology, Dalian, China) and used

to determine the transcriptional start and terminal sites

of CPI transcripts. The full-length cystatin cDNA

obtained by RACE was subcloned into expression plasmid

vector pET32a and expressed in Escherichia coli (Origami)

as a protein fused to a leader sequence of Tobacco Etch

virus (TEV) protease and six histidines. The recombinant

fusion protein was purified from E. coli lysate by affinity

chromatography using chelating Sepharose FF resin (GE

Healthcare, Uppsala, Sweden). The His-peptide in the

fusion protein was cut off by TEV protease (kindly

provided by Dr J. Liu, Guangzhou Institutes of Biomedi-

cine and Health, Guangzhou, China). The purity of the

protein obtained was determined by SDS–PAGE and

silver staining.

Measurement of protease inhibition activity of rHp-CPI

The activities of cysteine proteases, cathepsin B, C, L and

S, was measured following the methods as described by

others with some modifications.25 Bovine cathepsin B and
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C were purchased from Sigma and human cathepsin L

and S were purchased from Calbiochem (Shanghai,

China) and Enzo (New York, NY), respectively. The

fluorogenic substrates for cathepthin B (Z-Arg-Arg-AMC;

Sigma–Aldrich), cathepsin C (Gly-PhE-naphthylamide;

Sigma-Aldrich), cathepsin S (Z-Phe-Arg-7-amido-4-

methylcoumarin; Calbiochem) and cathepsin L (Z-Phe-

Arg-7-amido-4-methyl coumarin; Calbiochem) were

obtained from individual suppliers. To measure the inhi-

bition activity of rHp-CPI, the protease was incubated

with substrate in the absence or presence of serially

diluted rHp-CPI in appropriate buffer for 15 min. The

amount of product was measured fluorometrically with

excitation at 360 nm and emission at 460 nm using a

multiwall fluorescence spectrometer (Bio-Tek, Synergy

HT, Corning, NY).

Generation of Hp-CPI monoclonal antibody

Monoclonal antibody (mAb) against rHp-CPI was gener-

ated following the standard protocol.26 Briefly, female

BALB/c mice were immunized subcutaneously with 40 lg
rHp-CPI emulsified in complete Freund’s adjuvant

(Sigma-Aldrich) and boosted twice at 4-week interval

with 20 lg rHp-CPI in incomplete Freund’s adjuvant.

Spleen cells were isolated from the immunized BALB/c

mice 1 week after final boosting, and fused with logarith-

mically growing SP2/0 myeloma cells at a ratio of 1 : 1 in

the presence of polyethylene glycol 1500 (Roche, Basle,

Switzerland). The treated cells were re-suspended in

RPMI-1640 medium supplemented with 20% fetal calf

serum, OPI (oxaloacetate, pyruvate, insulin) and HAT

(hypoxanthine, aminopterin, thymidine) media supple-

ments (Sigma-Aldrich) and plated into 96-well tissue cul-

ture plates at a density of 2�0 9 105 cells per well in a

volume of 200 ll. After culturing at 37° with 5�0% CO2

for 7–10 days, the culture wells were screened using indi-

rect ELISA for the presence of anti-rHp-CPI antibody.

The cells in positive wells were collected and subjected to

cloning by limited dilution. The cloned hybridoma cells

were injected into the peritoneal cavity of naive mice.

Ascites was collected 10 days after cell implantation and

centrifuged at 10 000 g. to remove cells and debris and

stored at �20°.

Generation of bone-marrow-derived DC

Bone marrow-derived dendritic cells (BMDC) were gener-

ated by culture of bone marrow cells following the

method described by Lutz et al.27 Briefly, total bone mar-

row cells were collected from the femurs and tibias of

BALB/c mice, suspended in RPMI-1640 medium (Invitro-

gen) supplemented with 10% heat-inactivated fetal calf

serum (HyClone), 100 U penicillin/ml, 100 mg strepto-

mycin/ml and 50 lM b-mercaptoethanol (Sigma–Aldrich)

(complete medium). After lysing red blood cells with

ammonium chloride buffer (0�15 M NH4Cl, 10 mM

KHCO3 and 0�1 mM Na2 EDTA) and washing with com-

plete medium, bone marrow cells were re-suspended in

complete medium that was further supplemented with

10% supernatant from a mouse granulocyte–macrophage

colony-stimulating factor (GM-CSF) -transfected cell line

(Ag8653, kindly provided by Dr B. Stockinger, National

Institute for Medical Research, London, UK) as a source

of GM-CSF.28 Cells were cultured at 4 9 106/well in six-

well plates (Greiner Bio-one, Frickenhausen, Germany) at

37° for 7–9 days in a humidified CO2 incubator. Cells

were fed on days 3, 5 and 7 with complete medium con-

taining GM-CSF supernatant. On day 9, non-adherent

cells were collected, washed and used as immature

BMDC. Cell viability was determined by trypan blue

exclusion test and was 90–94% for the two groups of

BMDC. The purity of BMDC was about 70–80% CD11c+

cells as determined by flow cytometry.

To analyse the effects of rHp-CPI on DC differentia-

tion, rHp-CPI (50 lg/ml) were added in appropriate

wells beginning at day 3 of culture and the cells were har-

vested on day 9 and analysed for cell surface molecule

expression. In the preliminary experiments, graded doses

of rHp-CPI were tested and the dose of 50 lg/ml rHp-

CPI was found to be optimum. To investigate the effects

of rHp-CPI on DC maturation, the bone marrow cells

were cultured in the absence of rHp-CPI as described

above for 7 days. The differentiated CD11c+ DC were

harvested and activated with 1 lg/ml lipopolysaccharide

(LPS; Sigma–Aldrich) or 1 lM CpG oligonucleotide (Invi-

trogen) with or without rHp-CPI for 18 hr.15,29 Control

DC were cultured in complete medium alone. The DC

were harvested and analysed for the expression of surface

molecules and the cell culture supernatants were collected

and stored at �20° for determination of cytokines.

DC and CD4+ T-cell isolation and co-culture

Bone marrow-derived dendritic cells were enriched by

positive selection with anti-CD11c magnetic beads (Stem-

cell Technologies Inc., Vancouver, BC, Canada) according

to the manufacturer’s instructions. The enriched DC were

typically of > 90% purity as determined by flow cytome-

try. CD4+ T cells in spleen were enriched by magnetic

sorting using anti-CD4 magnetic beads (Miltenyi Biotec,

Auburn, CA). The enriched CD4+ T cells had > 95% pur-

ity. To determine CD4+ T-cell proliferation induced by

DC, the enriched BMDC were incubated with rHp-CPI

(50 lg/ml) for 2 hr and OVA (1 mg/ml; Calbiochem)

was added and incubated for another 2 hr. The DC were

then treated with 50 lg/ml mitomycin (Sigma–Aldrich)
for 20 min and washed with a sufficient amount of com-

plete medium to remove the mitomycin. Dendritic cells

(2 9 104/well) were co-cultured with CD4+ T cells
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(4 9 104/well) in a 96-well U-bottom plate in the pres-

ence of 1 mg/ml OVA for 72 hr. During the last 18 hr,

1 lCi/well of [3H]thymidine was added. Incorporation of

[3H]thymidine by the cells was determined by scintilla-

tion counting. For determination of cytokine production

in DC and CD4+ T-cell co-culture, 2 9 105 CD4+ T cells

were co-cultured with 1 9 105 DC in U-bottom plates in

the presence of 1 mg/ml OVA for 72 hr. Supernatants

were harvested for cytokine analysis by ELISA.

BMDC in vivo transfer

The modulatory effect of rHp-CPI on DC function was

analysed by DC transfer experiment. The BMDC were re-

suspended at 2 9 106 cells/ml in complete medium and

treated with rHp-CPI (50 lg/ml) for 3 hr before pulsing

with 1 mg/ml OVA for 4 hr at 37°. After pulsing, cells

were harvested, washed extensively with sterile endotoxin-

free PBS and re-suspended in RPMI-1640 medium with

5% BALB/c mouse serum. Mice were injected intrave-

nously with 5 9 105 BMDC. Four weeks after DC injec-

tion, BALB/c mice were injected intraperitoneally with

10 lg OVA protein emulsified in incomplete Freund’s

adjuvant (Sigma-Aldrich). Sera were collected 4 weeks

after OVA injection and OVA-specific antibody levels

were determined by ELISA.

Flow cytometric analysis

For cell surface staining, 106 cells were first incubated

with FcR-blocking reagent (BD Biosciences, New York,

NY) in sorting buffer (PBS with 1% BSA) on ice for

15 min. The cells were then washed and stained with

anti-CD11c-FITC, anti-CD40-phycoerythrin (PE), anti-

CD80-PE, anti-CD86-PE and anti-MHC-II-PE fluorescent

mAbs (all from eBiosciences, San Diego, CA) following

standard protocols. Isotype-matched mAbs were used for

control staining. Cells were then washed and re-sus-

pended in sorting buffer and analysed by flow cytometry

using FACS Calibur (BD Biosciences). At least 10 000

events were acquired per sample, and the data analysis

was performed using FLOWJO software (TreeStar, Ashland,

OR).

Cytokine and antibody determination by ELISA

Cytokine levels in cell culture supernatants were deter-

mined using ELISA kits for IL-12p40, TNF-a, IL-6 and

interferon-c (R&D Systems, Minneapolis, MN) accord-

ing to the manufacturer’s instructions. Serum levels of

OVA-specific antibodies were determined by ELISA.

Briefly, ELISA plates were coated with OVA antigen

overnight at 4° and subsequently blocked with 1% BSA

in PBS for 1�5 hr. After washing, serially diluted serum

samples were added and incubated for 1 hr at room

temperature. After extensive washing, horseradish perox-

idase-conjugated goat anti-mouse total immunoglobulin,

IgG1 and IgG2a antibodies (Southern Biotechnology

Associates, Birmingham, AL) were added and incubated

at room temperature for 1 hr. Reactivity was visualized

by addition of substrate and optical density values were

read in a microplate reader. Antibody levels in serum

are expressed as endpoint titres, the reciprocal of the

lowest dilution that yields the background optical

density.

Immunoblotting

For immunoblotting, proteins were separated by SDS–
PAGE and the gels were electroblotted onto a PVDF

membrane (Pall Corporation, East Hills, NY). Anti-

rHp-CPI mAb was used as the primary antibody, and

horseradish peroxidase-conjugated anti-mouse IgG

(Thermo Fisher Scientific, Guangzhou, China) diluted

1 : 50 000 was used as the secondary antibody. Bound

antibody was detected using enhanced chemiluminescence

reagents (Thermo Fisher Scientific).

Statistical analyses

Statistical analyses were performed with GRAPHPAD PRISM

5 software (GraphPad Software Inc., La Jolla, CA). Signif-

icance of differences between groups was analysed using

the Student’s t-test. Data are presented as mean � SD.

A P-value < 0�05 was considered significant.

Results

Molecular cloning and biological activity analysis of
rHp-CPI

Cystatin is known to be conserved in eukaryotes and has

been identified in many species of nematode parasite.18

To determine if the H. polygyrus parasite has the CPI

gene, we screened the cDNA library of H. polygyrus by

RT-PCR using the primers for consensus sequences of

cystatin reported in other nematode parasites, and

obtained a fragment of cystatin. We then obtained the

full length of CPI gene from H. polygyrus (Hp-CPI) using

the RACE technique. The open reading frame of Hp-CPI

has 432 bp, and the cloned protein (rHp-CPI) consisted

of 143 amino acids (Fig. 1a). Comparison of the Hp-CPI

amino acid sequence with cystatins from other nematodes

showed various levels of homology (Fig. 1a). As observed

in cystatin from other nematode species, the CPI protein

from H. polygyrus contains a signal peptide of 21 amino

acids indicating that the Hp-CPI is a secreted protein. In

immunoblotting assay, we confirmed that the mAb gener-

ated against the rHp-CPI was able to react with a pro-

tein component of 14 000 molecular weight from the
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excretory and secretory products prepared from adult

H. polygyrus (Fig. 1b).

We then examined the protease inhibitory ability of

rHp-CPI to confirm the biological activity of the rHp-CPI

protein. The rHp-CPI was produced in E. coli, affinity-

purified and analysed for its ability to inhibit the proteo-

lytic activity of cathepsin B, C, L and S, which are known

to be important in functions of antigen presentation

cells.30,31 We observed that rHp-CPI inhibited the proteo-

lytic activities of cathepsin B, C, L and S in a dose-depen-

dent manner (Fig. 2a), indicating that the recombinant

CPI protein from H. polygyrus possesses the biological

function of protease inhibition activity. We also analysed

the protease inhibitory activity of the ES products from

H. polygyrus and observed that H. polygyrus ES products

were able to inhibit the proteolytic activities of cathepsin

B, C, L and S (Fig. 2b).

Modulation of BMDC differentiation by rHp-CPI

Although H. polygyrus adult worms dwell in the intestinal

lumen of their murine host, the ES products released by

the parasites may have the opportunity to enter the bone

marrow via the bloodstream or lymphatic system and the

immunomodulatory molecules may interfere with the

differentiation of DC progenitors.32 To address this

question, we examined the modulatory effects of rHp-CPI

on the differentiation of DC from BM precursors. Bone

marrow cells were cultured in the presence of GM-CSF to

induce DC differentiation and, in one group of cultures,

rHp-CPI (50 lg/ml) was added on day 3 of culture. The

two groups of BMDC were harvested on day 9 and analy-

sed for cell surface co-stimulatory molecule expression by

flow cytometry. Addition of rHp-CPI did not show appar-

ent effects on the yield of BMDC (medium control group,

7�8 � 1�0 9 106 total cells/plate, 79�1 � 5�1% CD11c+

DC; rHp-CPI-treated group, 6�9 � 1�2 9 106 total cells/

plate, 74�7 � 8�2% CD11c+ DC). We observed that,

although the control and rHp-CPI-treated DC did not

show significant differences in frequencies of CD40+,

CD80+ and CD86+ cells in total CD11c+ DC and expres-

sion level (mean fluorescence intensity, MFI) of these

co-stimulatory molecules, the BMDC that were exposed to

rHp-CPI on day 3 of culture showed reduced expression

of the MHC-II molecule by 48% (Fig. 3). The DC that

were exposed to rHp-CPI starting on days 5 and 7 of

culture also showed reductions in MHC-II molecules by

37% and 14%, respectively, in comparison with the

control DC (data not shown).

To further analyse the effects of rHp-CPI on DC differ-

entiation, bone marrow cells were cultured for 9 days

with or without rHp-CPI, stimulated with the Toll-like

HpCys 1     ----------------MPSVFFVVAVLA--------SSIVTAHAG-----------MVGGFTEQNAS  32 
. . . .  .                                    ** ...  . 

NbCys        ----------------MPSAFVLRIALA--------SVVVTSTVSS----------MVGGFTPQDVS 
CeCys        -----------------MKAILVFALIA--------ISIISVNAGM----------MTGGSVEQDAS 
HcCys        --------------------------------------------VM----------LAGGLTDQSTD 
BmCys        MMSTMSIKEGLLVILLSLFLFDTTALIH-------RREIP-HMESK-GQMQ-RGQVLLGGWQERSPE 
OvCys        ---MLTIKDG—-TLLIHLLLFSVVALVQLQGAKSARAKNPSKMESKTGENQDR-PVLLGGWEDRDPK 

>>>>>>> 
HpCys 33 DPQYMEKAWKAAKGINDERSNAGPYHMMPIKVLSAKTQVVAGVKHVFQVVYGESTCKKGDMLAAEVS 106 

...... ......  *... . ..*...*.*.... .***.*.. . .*....* ***..  . .. 
NbCys      DPEYMTRAWKAAKGINDDASNEGPYHMIPVKILNAKTQVVAGVNHVFEVLFGESSCKKGDLSASELT     
CeCys      QKEYSDKAWKAVKGINDQASNNGPYYYAPIKVTKASTQVVAGISTKLEVLVGESNCKKGELQAHEIT     
HcCys      DPEFMEQAWKAATKVNEEAND-GDYYMIPTKVLSAKTQVVSGVMFTSKVLFEESFCKKGDVPVDQLK      
BmCys      DNEILELLPSVLTKVNQQSND--EYHLMPIKLLKVSSQVVAGVKYKMEVQVARSECKKS--ASEQVN      
OvCys      DEEILELLPSILMKVNEQSND--EYHLMPIKLLKVSSQVVAGVKYKMDVQVARSQCKKS--SNEKVD 

<<<<<< 
HpCys 107 AANCQLKPDARRAIYEVELWEKPWENFEQFNVKKVRTLAAGEQI 143 

. .*. .... . .........**..... .... . .  ...  
NbCys        ATNCQLKEGGRKVIYEVHLWEKPWENFEQFNVKKVRTLAPGEQV  
CeCys        SSNCQIKDGGSRALYQVTIWEKPWENFEQFTVEKIRDVTADEQF  
HcCys       ASNCAPKEGGKRVIYEISVLLQPWVKSEQVGVKVLRVFDPGEQV  
BmCys        LKTCKKLEGHPDQVMTLEVWEKPWEDFLQVNILETKVLSSV---     
OvCys        LTKCKKLEGHPEKVMTLEVWEKPWENFMRVEILGTKEV------       

rHp-CPI Hp-ES

16 000

14 000

(a)

(b)

Figure 1. Cysteine protease inhibitor (CPI) of

Heligmosomoides polygyrus. (a) Alignment of

the amino acid sequences of CPI from H. po-

lygyrus (HpCys), Nippostrongylus brasiliensis

(NbCys), Caenorhabditis elegans (CeCys), Hae-

monchus contortus (HcCys), Brugia malayi

(BmCys) and Onchocerca volvulus (OvCys).

Three segments of sequences conserved in cyst-

atin superfamily are boxed. Amino acids con-

served among the six nematode species are

indicated by asterisks and partially conserved

amino acids are indicated by dots. Gene-

specific PCR primers for cloning Hp-CPI

cDNA were designed on the basis of conserved

sequences indicated by > for the 5′ primer and

by < for the 3′ primer. The first amino acid of

mature Hp-CPI is indicated by an arrow. (b)

Immunoblotting analysis of recombinant CPI

from H. polygyrus (rHp-CPI) and excretory–

secretory (ES) products probed with monoclo-

nal antibodies (mAb). The rHp-CPI (signal

peptide not removed) and ES products were

separated by SDS–PAGE and detected by anti-

rHp-CPI mAb.
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receptor (TLR) ligands LPS and CpG and then co-stimu-

latory molecule expression was examined. Both the con-

trol DC (cultured in medium alone) and rHp-CPI-treated

DC showed increased expression of CD40 and CD86 in

response to stimulation with LPS in comparison with

unstimulated DC. Stimulation of control DC with CpG

induced increased expression of CD40 whereas this CD40

expression response was absent in BMDC that were trea-

ted with rHp-CPI during the differentiation stage. Simi-

larly, LPS stimulation increased the CD86 expression in

both groups of BMDC, but the rHp-CPI-treated BMDC

showed significantly lower levels of CD86 expression

following CpG stimulation than the control BMDC.

Furthermore, BMDC that were exposed to rHp-CPI

during the differentiation stage exhibited significantly

decreased expression of the MHC-II molecule in response

to stimulation with LPS and CpG compared with the

control DC (Fig. 4a,b). The BMDC exposed to rHp-CPI

also produced lower levels of IL-6, IL-12p40 and TNF-a
cytokines following CpG stimulation compared with the

BMDC generated in normal culture conditions (Fig. 4c).

These results demonstrate that exposure of BMDC to

rHp-CPI during the differentiation stage modified their

ability to respond to the activation signal provided by the

TLR9 ligand CpG.

Impaired activation of differentiated DC by rHp-CPI

We next examined the modulatory effects of rHp-CPI on

activation of immature BMDC. Bone marrow cells were

cultured in the presence of GM-CSF for 7 days and the

differentiated immature DC (> 70% CD11c+) were har-

vested. The harvested BMDC were divided into groups

and further cultured for 18 hr in medium alone as con-

trol or in the presence of rHp-CPI, LPS, CpG, LPS plus

rHp-CPI or CpG plus rHp-CPI. The BMDC were stained

and analysed for the expression of co-stimulatory and

MHC-II molecules. The results show that treatment of

the immature DC with rHp-CPI alone reduced the

expression of the MHC-II molecule but did not alter the

frequencies of CD11c+ DC that express CD40, CD80 and

CD86 and the expression levels of these molecules com-

pared with medium control group (Fig. 5a,b). The imma-

ture DC stimulated with LPS showed significantly

increased expression of CD40 and CD80 (both the fre-

quencies of positive cells and the MFI) compared with

medium control, and rHp-CPI treatment reduced the
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increased CD80 expression in response to LPS stimula-

tion, but had no effect on CD40 expression (Fig. 5a,b).

CpG stimulation of the immature BMDC also induced

enhanced expression of CD40 and CD80. The rHp-CPI

inhibited the increased expression of CD40 and CD80

induced by CpG (Fig. 5a,b).
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Figure 4. Co-stimulatory molecules expression and cytokine production by bone-marrow-derived dendritic cells (BMDC) in response to stimula-

tion with lipopolysaccharide (LPS) or CpG. Bone marrow cells were cultured in normal condition (control) or in the presence of recombinant

cysteine protease inhibitor from Heligmosomoides polygyrus (rHp-CPI; added on day 3 of culture; rHp-CPI) for 9 days and immature BMDC

were harvested and stimulated with LPS (1 lg/ml) or CpG (1 lM) for 18 hr. BMDC were harvested and stained for CD11c and co-stimulatory

and MHC-II molecules and analysed by flow cytometry. (a) FACS histograms from one representative experiment. (b) Frequencies and mean flu-

orescence intensity (MFI) of co-stimulatory and MHC-II molecules expression by CD11c+ cells. Data shown are means � SD of triplicate sam-

ples from one of three experiments. (c) Levels of cytokines in cell culture supernatants were analysed by ELISA. Data presented are means � SD

of triplicate samples from one of three experiments. Statistically significant differences, **P < 0�01, are indicated.
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Figure 5. Effects of recombinant cysteine protease inhibitor from Heligmosomoides polygyrus (rHp-CPI) on co-stimulatory molecules expression

and cytokine production by immature bone-marrow-derived dendritic cells (BMDC) following stimulation with lipopolysaccharide (LPS) or

CpG. BMDC obtained from bone marrow cell culture for 7 days were stimulated with LPS (1 lg/ml) or CpG (1 lM) alone or in combination

with rHp-CPI (50 lg/ml) for 18 hr. Cells were harvested and stained for CD11c and co-stimulatory and MHC-II molecule and phenotypic pro-

files were analysed by flow cytometry. (a) FACS histograms from one representative experiment. (b) Frequencies and mean fluorescence intensity

(MFI) of co-stimulatory and MHC-II molecule expression by CD11c+ cells. Data shown are means � SD of triplicate samples from one of three

experiments. (c) Cell culture supernatants were harvested and the levels of cytokines produced by BMDC were analysed by ELISA. Data presented

are means � SD of triplicate samples from one of three experiments. Statistically significant differences, **P < 0�01, ***P < 0�001, are indicated.
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We further examined the cytokine production by

BMDC and observed that the differentiated immature

BMDC with or without rHp-CPI treatment produced

minimal levels of IL-6, IL-12p40 and TNF-a. Stimulation

of the immature BMDC with LPS and CpG induced

increased production of these pro-inflammatory cyto-

kines. The rHp-CPI treatment reduced the IL-6 produc-

tion induced by both LPS and CpG, and TNF-a
production induced by CpG (Fig. 5c). These results show

that although treatment of rHp-CPI alone did not alter

immature BMDC co-stimulatory molecule expression and

cytokine production, it modulates these activation

responses of DC induced by LPS and CpG.

Suppressive effects of rHp-CPI on T-cell activation by
BMDC

To determine whether the T-cell activation function of

DC is altered by rHp-CPI, DC and CD4+ a T-cell co-

culture assay was performed. Bone marrow cells were

cultured in the medium containing GM-CSF as described

above. The immature BMDC were harvested on day 7,

re-plated and cultured for 24 hr to obtain matured DC.

Mature BMDC were incubated either in medium alone or

with rHp-CPI for 2 hr and then pulsed with OVA antigen.

The two groups of DC were then co-cultured with OVA-

specific CD4+ T at the ratio of 1 : 2. As shown in

Fig. 6(a), BMDC treated with rHp-CPI before OVA anti-

gen pulsing induced a lower level CD4+ T-cell prolifera-

tion response than the BMDC that were pulsed with OVA

only. CD4+ T cells co-cultured with BMDC that were trea-

ted with rHp-CPI and pulsed with OVA produced signifi-

cantly less interferon-c than the CD4+ T cells co-cultured

with BMDC pulsed with OVA only (Fig. 6b). In this DC

and CD4 T-cell co-culture, no significant levels of IL-4,

IL-10 and IL-13 were detected.

BMDC adoptive transfer and antibody response

Adoptive transfer of BMDC was performed to further

assess the effect of rHp-CPI on the function of DC. Mice

were transferred with enriched BMDC that were pulsed

with OVA with or without pre-treatment of rHp-CPI and

boosted 4 weeks later with OVA antigen. OVA-specific

antibody levels were determined before and after OVA

boosting. The two groups of recipient mice produced low

levels of antibody in serum 4 weeks after transfer of

BMDC and no significant difference in antibody response

was observed between the two groups (Fig. 7a). However,

OVA antigen boosting 4 weeks after BMDC transfer

enhanced the antibody responses. Mice receiving BMDC

that were treated with rHp-CPI and pulsed with OVA

produced significantly less OVA-specific total immuno-

globulin and IgG1 than the mice that received BMDC

pulsed with OVA antigen only (Fig. 7b). No significant

levels of IgG2a antibody were detected in the BMDC reci-

pient mice and the mice injected with OVA antigen only

(Fig. 7b). These data show that rHp-CPI is able to mod-

ify the DC phenotype and function resulting in impaired

antibody response.

Discussion

Immunosuppression that occurs following infection with

murine nematode H. polygyrus has been documented

extensively.33–35 The H. polygyrus-derived ES products

have been shown to induce immunosuppression in hosts

by impairing DC function.15 However, the parasite mole-

cule(s) responsible for induction of immunosuppression

are unknown. In this study, we cloned the CPI gene from

H. polygyrus, produced recombinant protein rHp-CPI and

examined its immunomodulatory effects. Our results

demonstrated that the recombinant rHp-CPI protein is

biologically functional as shown by its ability to inhibit

the protease activity of a panel of cathepsins. Immuno-

blotting assays revealed that the mAb raised against the

rHp-CPI protein was able to recognize a protein compo-

nent in H. polygyrus ES products, indicating that H. po-

lygyrus produces and secretes the CPI protein. Indeed, the

ES products prepared from H. polygyrus adult worms

showed inhibitory activity against cathepsins (Fig. 2).

There are several reports to show that nematode para-

sites that dwell in the gastrointestinal tract of their hosts

are able to modulate the immune response systemi-

cally.21,36 In a previous study, we have shown that
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Figure 6. Antigen-specific CD4+ T-cell activation and cytokine pro-

duction induced by bone-marrow-derived dendritic cells (BMDC)

with or without pre-exposure to recombinant cysteine protease

inhibitor from Heligmosomoides polygyrus (rHp-CPI). (a) Prolifera-

tion response of CD4+ T cells co-cultured with BMDC with our

without treatment of rHp-CPI. Enriched CD11c+ BMDC were incu-

bated with rHp-CPIor in medium and treated by mitomycin. After

washing, BMDC were co-cultured with ovalbumin (OVA) -specific

CD4+ T cells for 72 hr. Cell proliferation was determined by [3H]

thymidine incorporation. (b) Cytokine secretion by CD4+ T cells co-

cultured with BMDC. Enriched CD11c+ BMDC were treated and co-

cultured with CD4+ T cells as described above and cytokine levels in

supernatants were determined by ELISA. Results are shown as

means � SD of triplicate samples from one of two experiments.

Statistically significant differences, *P < 0�05 and **P < 0�01, are

indicated.
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concurrent H. polygyrus infection impairs protective

immunity against systemic malarial infection.24 A study

by Goodridge et al.32 showed that the immunomodula-

tory glycoprotein ES-62 of a filarial nematode released by

an osmotic pump implanted in the neck of mice is able

to induce hyporesponsive DC derived ex vivo from the

bone marrow cells of mice. These observations suggest

that the immunomodulatory molecules released by adult

H. polygyrus may modulate the functions of immune cells

locally as well as in other organs of the immune system,

including bone marrow where the DC progenitors differ-

entiate and develop into immature DC. To verify this

possible mechanism, bone marrow cells were cultured in

the presence of rHp-CPI and the phenotypes of the dif-

ferentiated CD11c+ DC were analysed. We observed that

although rHp-CPI did not alter the number of differenti-

ated DC harvested at the end of culture and the expres-

sion of co-stimulatory molecules CD40, CD80 and CD86,

the rHp-CPI-treated BMDC showed significantly less

MHC-II molecule expression in comparison with the DC

that were cultured in the absence of rHp-CPI. The

responses to stimulation with TLR ligands further

revealed the difference between the two groups of differ-

entiated BMDC. The BMDC exposed to rHp-CPI during

its differentiation showed significantly lower percentages

of CD40+, CD86+ and MHC-II+ cells and IL-6, IL-12p40

and TNF-a cytokine production when stimulated with

TLR9 ligand CpG compared with the BMDC that were

not exposed to rHp-CPI. Interestingly, the two groups of

BMDC generated with or without exposure to rHp-CPI

respond in similar manners to stimulation with TLR4

ligand LPS. It is known that a number of cysteine prote-

ases are involved in signalling pathways associated with

some TLRs. Proteolytic cleavage of TLR9 by cathepsins is

required for TLR9 signalling. The BMDC from cathepsin

L-deficient and S-deficient mice showed impaired

responses to stimulation with CpG, but the response to

LPS stimulation remained unchanged compared with the

BMDC from normal wild-type mice.37 Our results that

BMDC generated in the presence of rHp-CPI exhibit

impaired responses to CpG stimulation, but showed

unchanged responses to LPS stimulation, are consistent

with the observations made on BMDC from cathepsin-

deficient mice.

We then further analysed the modulatory effects of rHp-

CPI on differentiated immature BMDC and observed that

rHp-CPI treatment alone had no significant effect on DC

activation, as shown by the expression of CD40, CD80 and

CD86 that was comparable with those detected on control

BMDC. In addition, rHp-CPI treatment alone failed to

induce production of IL-16, IL-12p40 and TNF-a. These
results indicate that the rHp-CPI protein of parasite ori-

gin has a negligible effect on differentiated immature

BMDC. However, it was observed that rHp-CPI modulates

the responses of immature BMDC to stimulation with LPS

and CpG. Treatment of immature BMDC with rHp-CPI

reduced the CD40 and CD86 expression and IL-6

and TNF-a cytokine production by immature BMDC

induced by stimulation with CpG. Treatment with rHp-

CPI also suppressed the expression of CD80 and MHC-II

molecules and IL-6 production of BMDC induced by LPS

stimulation. These results suggest that rHp-CPI modulates

the TLR-associated signalling pathways differently at

the different stages of BMDC development.

In addition to the modulation effects on responses to

stimulation with TLR-associated signalling pathways,

rHp-CPI treatment also resulted in impaired antigen-

presenting function of BMDC. Cysteine proteases in

endosomes and lysosomes of antigen-presenting cells are

known to be involved in the processing of protein anti-

gens and MHC-II molecule maturation. Cathepsin S plays

an important role in stepwise proteolytic degradation of

the invariant chain (Ii) that regulates MHC-II molecule

intracellular trafficking and protects the MHC-II molecule

from premature binding of antigen peptide.38 Cathepsin

B and C are required for processing of antigen peptides
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Figure 7. Serum levels of ovalbumin (OVA) -specific antibody in mice adoptively transferred OVA-loaded bone-marrow-derived dendritic cells

(BMDC) with or without pre-exposure to recombinant cysteine protease inhibitor from Heligmosomoides polygyrus (rHp-CPI). Normal BMDC or
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*P < 0�05 and **P < 0�01, are indicated.
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and facilitate their binding to the MHC-II peptide-

binding groove.39 It is reported that cystatin from Nippo-

strongylus brasiliensis inhibited the processing of OVA

protein by lysosomal cysteine proteases from spleen cells

of mice. We also observed in a related study that BMDC

exposed to rHp-CPI showed a reduced rate of OVA anti-

gen processing (unpublished observation). Inhibition of

the activity of these cathepsins by CPI from H. polygyrus

may result in reduced expression of MHC-II–antigen
complex on the surface of antigen-presenting cells that

are unable to competently activate CD4+ T cells and

induce immune responses. We have demonstrated in this

study that in the DC and CD4+ T-cell co-culture, the

BMDC pre-treated with rHp-CPI exhibited a reduced

ability to activate CD4+ T cells and to induce cytokine

production. The recipient mice transferred with the

BMDC treated with rHp-CPI before OVA antigen loading

produced significantly lower levels of OVA-specific total

immunoglobulin and IgG1 antibody compared with the

mice receiving the BMDC that were loaded with OVA

antigen alone, indicating that the antigen-presenting func-

tion of BMDC was impaired.

In summary, the results presented in this study demon-

strate that the CPI from H. polygyrus exerts its immuno-

modulatory effects on multiple stages of BMDC

development and molecular events that are important for

the function of antigen-presenting cells. The observations

made in this study may represent one of the important

mechanisms by which the nematode parasites induce

immunosuppression in the hosts.
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