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Cystatins of parasitic nematodes are well-described pathogenicity factors which contribute to downregula-
tion of T-cell proliferation of their hosts and induce anti-inflammatory cytokine responses. We compared the
immunomodulatory effects of two cystatins of the filarial nematodes Onchocerca volvulus and Acanthocheilonema
viteae with two homologous proteins of the free-living nematode Caenorhabditis elegans. Like filarial cystatins,
the C. elegans cystatins (rCyselel and rCysele2) possessed domains relevant for inhibition of papain-like
proteases and were biologically active inhibitors of human cathepsins B, L, and S. However, the inhibition of
cathepsin B by C. elegans cystatin was much stronger. C. elegans cystatins lacked a domain involved in
inhibition of legumain-like proteases that was present in O. volvulus cystatin. Filarial cystatins suppressed the
proliferation of human peripheral blood mononuclear cells (PBMC) and murine spleen cells, while the C.
elegans cystatins had this effect to a much lesser extent. Whereas filarial cystatins markedly increased the
production of interleukin (IL)-10, C. elegans cystatins increased the production of IL-12 and gamma interferon
(IFN-v) by human PBMC. The cystatins of both the filariae and C. elegans induced an upregulation of inducible
nitric oxide by IFN-y-stimulated murine macrophages. These data suggest that filarial cystatins but not the C.
elegans cystatins downregulate proliferative responses of host cells due to characteristics which might reflect

an adaptation of filariae to their parasitic life style.

Endoparasitic nematodes are specifically adapted to a life
within immunocompetent hosts, where they are continuously
exposed to immune effector mechanisms. Their survival de-
pends in part on the evasion of harmful immune responses or
the modulation of the immune system. It is thought that se-
creted immunomodulatory molecules of parasitic nematodes
are pathogenicity factors with a key role in balancing the host-
parasite relationship (1, 40). This raises the question of
whether secreted immunomodulators of parasitic nematodes
have characteristics distinct from the molecules of their free-
living relatives.

The tissue-dwelling filarial nematodes can be considered
extremely well adapted parasites, because they live in direct
contact with their host’s immune system and nevertheless have
life spans of 10 years and more (37). This long persistence is
ascribed to modulation of the immune system, which leads to
inhibition of inflammatory responses that could eliminate the
parasites (23). One characteristic of humans infected with fi-
lariae is a distinct cellular hyporeactivity and a polarization of
the immune response towards a Th2 type (9, 39). These traits
can be explained by the recruitment of alternatively activated
macrophages which block cellular proliferation by cell-to-cell
contact (19) and the release of recently described immuno-
modulatory components by the worms.

We and others have shown that a cysteine protease inhibitor
(cystatin) downregulates T-cell proliferation and alters macro-
phage functions (16, 25, 36, 42), and a serine protease inhibitor
(serpin) was reported to impair functions of granulocytes (49).
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Filariae were also shown to produce a functionally active mac-
rophage migration-inhibitory factor (35) as well as a transform-
ing growth factor beta (TGF-B) homologue (10). Furthermore,
phosphorylcholine, a phospholipid component associated with
several filarial proteins, inhibits cellular proliferation by inter-
fering with signal transduction chains that lead to cellular ac-
tivation (15). Comparison of such parasite-derived immuno-
modulators with molecules of free-living nematodes should
provide a clue to whether the capacity of these components to
interact with the immune system represents a specific adapta-
tion to the parasitic life style.

In this study we chose the secreted filarial immunomodula-
tor cystatin as a model protein for a comparison with homol-
ogous proteins of the free-living nematode Caenorhabditis el-
egans. Filarial cystatin accounts for a major proportion of the
immunosuppressive activity of secreted filarial proteins (16)
and therefore has to be considered a major pathogenicity fac-
tor of filariae. Cystatins are natural, tight-binding cysteine pro-
tease inhibitors and represent important regulators of proteo-
lytic processes. Many cystatins possess two distinct inhibitory
functions, the inhibition of papain-like proteases (family 1) and
of legumain-like proteases (family 13). Several immunomodu-
latory properties of common cystatins have been described.
Human cystatin C inhibits the phagocytic function of mono-
cytes and granulocytes (18), and various members of the cys-
tatin superfamily upregulate the inducible nitric oxide produc-
tion of murine macrophages (44, 45). In addition, cystatins
have the potential to modulate immune responses, as they
interfere with steps in the antigen-processing pathway in major
histocompatibility complex (MHC) class II antigen presenta-
tion (27, 33, 47).

Filarial cystatin is clearly involved in parasite-induced im-
munomodulation, as it induces cellular hyporeactivity of T
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cells, modulates the production of cytokines, and downregu-
lates essential costimulatory molecules on macrophages (16,
42). A filarial cystatin was shown to interfere with antigen
presentation by inhibiting multiple cysteine protease activities
found in endosomes/lysosomes of B cells (25). In vivo experi-
ments revealed that application of filarial cystatin via osmotic
pumps results in upregulated production of tumor necrosis
factor alpha (TNF-a) and a diminished antigen-specific prolif-
eration of spleen cells in mice (36). Recently, the cystatin of
the intestinal nematode Nippostrongylus brasiliensis was also
shown to be involved in immune evasion by modulating anti-
gen processing in antigen-presenting cells (5).

Our results reveal distinct differences between cystatins of
filarial nematodes and C. elegans in their interference with
cellular immune responses in vitro. While filarial cystatins in-
duce a marked suppression of proliferative T-cell responses
and production of Th2-like cytokines, the C. elegans cystatins
suppress cellular proliferation to a lesser extent and lead to
Thl-like cytokine responses. This pattern suggests that the
cystatins of parasitic nematodes evolved in a manner that al-
lows very specific modulation of host responses.

MATERIALS AND METHODS

C. elegans culture and preparation of total RNA from C. elegans. C. elegans
worms were cultured on NGM (nematode growth medium) plates seeded with
Escherichia coli OP50 and kept at room temperature. The C. elegans mixed
culture was harvested, and bacteria were removed by washing three times with
M9 buffer (0.02 M KH,PO,, 0.035 M Na,HPO,, 0.085 M NaCl, 1 mM MgSO,).
RNA was isolated by guanidinium thiocyanate (Tristar; AGS, Heidelberg, Ger-
many). mRNA was transcribed into cDNA by reverse transcription-PCR (Molo-
ney murine leukemia virus; Promega, Mannheim, Germany).

Cloning and expression of recombinant proteins. The cDNA of the mature
cystatin proteins, without the signal sequence, were amplified by PCR with
degenerate primers derived from internal sequences of C. elegans chromosome
II1, genes KO8B4.6 and R0O1B10.1, showing similarities to cystatin domains (48).
The Cyselel forward primer was CAAATTGCTGGTGGATTG; the Cyselel
reverse primer was AATTTTTTCATCAGGTTTCAC; the Cysele2 forward
primer was GGTATGATGACTGGAGGA; and the Cysele2 reverse primer was
GAACTGCTCGTCAGCGGT. PCR amplification yielded a 360-bp fragment
(rCyselel) and a 372-bp fragment (rCysele2), which were cloned into a T over-
hang vector (pGEM-T Easy Vector System; Promega, Madison, Wis.). The
Notl-restricted fragments from the pGEM vector were undirectionally subcloned
into the NortI site of the expression vector pET28a, yielding polypeptides with a
six-histidine tag (pET System; Novagen, Madison, Wis.). The recombinant plas-
mids were transformed into competent E. coli BL21(DE3) and screened for
expression by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

rCyselel and rCysele2 were purified under nondenaturing conditions by affin-
ity chromatography with Ni-nitrilotriacetic acid resin (Qiagen, Hilden, Germany)
and dialyzed four times against phosphate-buffered saline. The recombinant
filarial cystatins Ov17 (rOv17) (42), a cystatin of the parasitic nematode O.
volvulus, and recombinant Av17 (rAv17) (16), a cystatin of the rodent filaria A.
viteae, were expressed and purified under identical conditions. The control pro-
tein, recombinant Ov33 (rOv33) (20), an O. volvulus protein with homologies to
an aspartic protease inhibitor, was expressed and purified under identical con-
ditions. This control protein was chosen in view of its closely related function but
different structure.

Because rCyselel, rCysele2, rOv17, rAv1l7, and rOv33 were expressed in E.
coli, endotoxin contamination was evaluated by the quantitative, chromogenic
Limulus amebocyte lysate assay (BioWhittaker, Walkersville, Md.). The endo-
toxin concentration of different batches of rCyselel was determined to be 0.3 to
4 ng/of protein per ml, and that of rCysele2 was 0.4 to 5.5 ng of protein per ml.
rOv17 and rAv17 and the control protein rOv33 showed endotoxin concentra-
tions of 0.5 to 5 ng of protein per ml. In addition, we used cystatin preparations
with added polymyxin B, and we used CeH/HeJ mice to compare with C3H/HeN
mice in the experiments.

Human cathepsin inhibition assays. The inhibitory activity of rCyselel and
rCysele2 to human cathepsins was characterized by K; value determinations.
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Human cathepsin B was purchased from Sigma (Deisenhofen, Germany), human
cathepsin L was from Calbiochem (Schwalbach, Germany), and human cathepsin
S was kindly provided by B. Wiederanders (Institute of Biochemistry, University
of Jena, Jena, Germany). K; values were determined by measuring the activity of
human cathepsin B (1.2 nM), cathepsin L (0.1 nM), or cathepsin S (0.1 nM) in
the presence of various concentrations of rCyselel and rCysele2 with the fluoro-
genic substrates benzyloxycarbonyl (Z)-Arg-Arg-aminoethylcoumarine (AMC)
(10 wM; Bachem, Heidelberg, Germany) for cathepsin B, Z-Phe-Arg-AMC (10
wM; Bachem) for cathepsin L, and Z-Val-Val-Arg-AMC (10 pM; Bachem) for
cathepsin S (3). The K; values were calculated with the program GraphPadPrism.

Antigen-driven and polyclonally stimulated proliferation of human PBMC.
The peripheral blood mononuclear cell (PBMC) fraction of healthy donors was
isolated from citrate-treated venous blood by density gradient sedimentation
with Ficoll-Hypaque (Pharmacia Biotech Products, Freiburg, Germany). Cells
were resuspended in RPMI 1640 (Biochrom, Berlin, Germany), supplemented
with 100 U of penicillin per ml, 100 pg of streptomycin per ml, 2 mM glutamine,
and 10% fetal bovine serum (Biochrom). Then 3.5 X 10° PBMC/well were
cultured in 96-well flat-bottomed plates at 37°C and stimulated with either 10 [U
of purified protein derivative (PPD) (Chiron Behring & Co, Marburg, Germany)
together with TFN-a (125 U/ml) (46) or anti-CD3 antibody (4 pg/ml) (Ortho-
clone-Okt3, kind gift from Janssen-Cliag, Neuss, Germany). Recombinant pro-
teins were added at a concentration of 0.5 uM. PPD-stimulated PBMC were
cultured for 96 h and polyclonally stimulated for 72 h at 37°C. Proliferation was
quantified by [*H]thymidine incorporation (1 wCi/well; Amersham, Buckingham-
shire, United Kingdom) during the last 20 h of incubation. All experiments were
performed in triplicate. Viability of the cells in the presence of recombinant
proteins was controlled by trypan blue exclusion.

Quantification of cytokines in cell culture supernatant. Cytokine production
was determined in the culture supernatants of unstimulated and stimulated
PBMC cocultured with 0.5 uM recombinant proteins. Culture supernatants were
collected after 24 h and 48 h of incubation. Cytokines were quantified by enzyme-
linked immunosorbent assay (ELISA) according to the manufacturers’ instruc-
tions (OptEIA; Pharmingen, Hamburg, Germany). The assays were performed
in triplicate.

Nitric oxide production of murine perit 1 macrophages. BALB/c mice
were killed by ether inhalation. Peritoneal macrophages were harvested by flush-
ing the peritoneal cavity several times with RPMI. Erythrocytes were lysed with
lysis buffer. Murine peritoneal macrophages were washed three times with RPMI
1640 (Biochrom, Berlin, Germany), supplemented with 100 U of penicillin per
ml, 100 pg of streptomycin per ml, 2 mM glutamine, and 10% fetal bovine serum
(Biochrom) and cultured at a density of 2 X 10° cells/well in 96-well flat-
bottomed plates. Murine peritoneal macrophages were allowed to adhere for 2 h
at 37°C. Medium and nonadherent cells were removed by washing with RPMI.
Murine peritoneal macrophages were stimulated by IFN-y (100 U/ml) in a final
volume of 300 pl. Purified recombinant proteins were added at a concentration
of 0.05 to 0.5 uM. After 24 h, 100 pl of supernatant was removed and analyzed
by Griess reaction (11). The absorbance was determined at 550 nm. All exper-
iments were performed in triplicate. Arithmetic mean values * standard devia-
tion are shown.

Antigen-driven and polyclonally stimulated proliferation of murine spleen
cells. Spleen cells of naive BALB/c and ovalbumin receptor transgenic mice (30)
(kindly provided by T. Kamradt, Deutsches Rheuma-Forschungszentrum, Berlin,
Germany) were cultured in 96-well flat-bottomed plates at a density of 3.5 X 10°
cells/well, and proliferation was stimulated with 2 pg of concanavalin A per ml
(Sigma, Deisenhofen, Germany) or 40 uM ovalbumin (Sigma). Proliferation of
cells was quantified after 72 h by incorporation of [*H]thymidine (1 p.Ci/well;
Amersham, Buckinghamshire, United Kingdom) added to the cultures during
the last 20 h of incubation. Purified recombinant proteins were added at a
concentration of 0.25 to 0.5 uM to the spleen cells. Viability of T cells in the
presence of the recombinant proteins was controlled by trypan blue exclusion.
All experiments were performed in triplicate. Arithmetic mean values * stan-
dard deviation are shown.

Statistical analysis. Statistical analysis of T-cell proliferation and cytokine
data was performed with the Mann-Whitney U test. Nitric oxide data were
analyzed with the Wilcoxon rank test. Data are presented as means and standard
deviations.

RESULTS

Sequence similarities of nematode cystatins and protease-
inhibitory activity of Cyselel and Cysele2. Sequence alignment
of filarial cystatins with Cyselel and Cysele2 showed that the
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FIG. 1. Alignment of amino acid sequences of C. elegans cystatin 1 (Cyselel), C. elegans cystatin 2 (Cysele2), A. viteae cystatin (Av17),
onchocystatin (Ov17), and human cystatin C. The first amino acid of each sequence is the proposed N terminus of the mature protein. Similar
amino acids are marked by dots, and identical amino acids are marked by asterisks. The evolutionarily conserved papain binding sites are boxed.
The conserved asparaginyl endopeptidase (AEP) inhibitory domain is boxed with a dashed line. The sequence data are available from GenBank
under the following accession numbers: Av17, L43053; Ov17, M37105; Cyselel, AJ310669; Cysele2, AJ310670; and human cystatin C, AAA52164.

three typical conserved motifs of cysteine protease inhibitors
that bind and inhibit proteases of the papain family were
present in all nematode cystatins (Fig. 1). However, the N-
terminal active domain of both C. elegans cystatins showed only
the essential amino acid glycine, whereas the two amino acids
in front of the glycine were different (Fig. 1). In contrast, most
of the other regions varied considerably between the filarial
cystatins and C. elegans cystatins as well as between C. elegans
cystatins and human cystatin C. Interestingly, a second active
domain, SND, inhibiting legumain-like proteases, enzymes
known to be involved in MHC class II antigen processing (2,
24), was lacking in the C. elegans cystatins. However, the cor-
responding sites were found in mammalian cystatin C as well as
in O. volvulus and Brugia malayi cystatins. Another difference
between the filarial cystatins and the C. elegans cystatins was
the presence of an N-terminal amino acid extension in the
filarial cystatins. Theses stretches did not show any homologies
to known sequences.

To compare the immunomodulatory properties of filarial
cystatins with the properties of Cyselel and Cysele2, full-length
mature recombinant proteins (rCyselel and rCysele2) with an
N-terminal six-histidine tag were produced in E. coli. rCyselel
and rCysele2 were tested for their capacity to inhibit the ac-
tivity of papain-like proteases (family 1 proteases) like the
human cysteine proteases cathepsin B, S, and L. K; determi-
nations showed that rCyselel and rCysele2 were potent inhib-
itors of human cathepsin B, L, and S (Table 1). In comparison,
recombinant O. volvulus cystatin also strongly inhibited the

TABLE 1. K; values of nematode cystatins with human cathepsins
B, L, and S as cysteine proteases

K; (nM)
Cathepsin
rCyselel rCysele2 rOv17
B 38.88 = 4.06 1.18 £ 0.9 494.7 = 154.9
L 0.0143 = 0.001 0.036 = 0.004 0.038 = 0.004
S 0.1214 = 0.017 0.18 = 0.014 0.033 = 0.003

activity of cathepsins S and L, whereas the activity of human
cathepsin B was less efficiently inhibited by O. volvulus cystatin
(Table 1) (42). The interaction of filarial cystatins and C. el-
egans cystatins with human cysteine proteases, which have es-
sential functions in cellular processes, especially in macro-
phages, indicated that inhibitors of C. elegans and of parasitic
nematodes have a similar potential to interfere with the activity
of host proteases. The only significant difference between the
filarial cystatins and the C. elegans cystatin was observed for
cathepsin B, which was significantly more strongly inhibited by
the C. elegans cystatins (Table 1).

Polyclonal proliferation of murine spleen cells and human
PBMC. To compare the effects of filarial cystatins and C.
elegans cystatins on polyclonal T-cell proliferation, we exam-
ined the reaction of human PBMC stimulated with anti-CD3
antibodies, rOv17, the cystatin of the human pathogenic filaria
Onchocerca volvulus, and rCyselel and rCysele2. rOv17 inhib-
ited the anti-CD3-stimulated proliferative responses by 43.6%
(P = 0.001, Fig. 2), while the effect of rCyselel and rCysele2
was much lower (15.1% and 21.6% inhibition, respectively),
similar to that of the recombinant control protein rOv33, which
also slightly inhibited cellular proliferation (12.1% inhibition).
These data suggest that the C. elegans cystatins did not induce
cellular hyporeactivity, very much in contrast to the filarial
cystatins.

In a parallel approach, we studied the reaction of con-
canavalin A-stimulated murine spleen cells to rAv17, the cys-
tatin of the rodent filaria A. viteae, in comparison to rCyselel
and rCysele2. While rAv17 significantly suppressed cellular
proliferation by 63.5% (P = 0.001), rCyselel and rCysele2 had
no effect on the polyclonally stimulated proliferation of
BALBY/c spleen cells (Fig. 3). The data from the murine system
supported the above results obtained with human cells.

Antigen-stimulated proliferation of human PBMC and mu-
rine spleen cells. To compare the effects of nematode cystatins
on antigen-driven T-cell proliferation, we used purified protein
derivative (PPD) of Mycobacterium tuberculosis to stimulate
human PBMC. While O. volvulus cystatin induced an inhibi-
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FIG. 2. T-cell proliferation of human PBMC in the presence of
recombinant C. elegans cystatins. Anti-CD3 antibody-stimulated pro-
liferation of PBMC from 10 healthy human donors in the presence of
0.5 M rCyselel, rCysele2, or rOv17 or of the control protein rOv33.
Proliferation of PBMC in the presence of anti-CD3 antibody was set at
100%.
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tion of 72% of the PPD-stimulated proliferation of human
PBMC, rCyselel as well as rCysele2 did not exert a significant
effect on the PPD-induced proliferation of human PBMC (Fig.
4). The recombinant O. volvulus control protein rOv33 also did
not show a significant effect on the PPD-induced proliferation
of the same blood samples.

In parallel, we studied a murine model of cellular prolifer-
ation with spleen cells of ovalbumin receptor transgenic mice
stimulated with 40 pM ovalbumin. In the presence of rAv17
(0.25 wM), we found an inhibition of cellular proliferation of
68.4% (P = 0.01). In contrast, rCyselel and rCysele2 as well as
the control protein rOv33 had no significant effects on the
antigen-driven cellular proliferation of the murine spleen cells
(Fig. 5).

These results demonstrate that the filarial cystatins rOv17
and rAv17 interfere with the antigen-driven cellular prolifera-
tion of human PBMC and mouse spleen cells, as we have
shown in previous studies, while the cystatins of C. elegans did
not share this capacity.

Cytokine production of human PBMC in presence of
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ConA +rOv33

120000

0 40000 80000
T cell proliferation (cpm)

FIG. 3. Mitogen-induced murine T-cell proliferation in the pres-
ence of recombinant nematode cystatins. Concanavalin A (ConA)-
stimulated proliferation of BALB/c spleen cells in the presence of a
constant amount (0.25 uM) of rCyselel, rCysele2, rAv17, or rOv33.
The data shown were obtained with 3.5 X 10° spleen cells from one
representative mouse.
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rCyselel and rCysele2. One possible mechanism by which the
filarial cystatins mediate the suppression of T cells is interfer-
ence with cytokine expression by immune cells. Previous stud-
ies have shown that the most prominent effect on cytokine
production in the presence of the filarial cystatins was an up-
regulation of IL-10. In contrast, IL-12 and IFN-vy production
was decreased in the presence of rOv17 in comparison to the
control protein (42). We comparatively analyzed whether this
pattern of cytokine production was also induced by C. elegans
cystatin.

Tests with anti-CD3-stimulated human PBMC showed that
rOv17 induced a significant upregulation of IL-10. PBMC pro-
duced in the presence of rOv17, a mean of 2.8 ng of IL-10/ml
(P = 0.001), while the IL-10 production by PBMC in the
presence of the C. elegans cystatins reached the level of the
control protein (1.5 ng/ml) (Fig. 6). The differences in IL-10
production between rOv17 and rCyselel and rOv17 as well as
rCysele2 were significant (P = 0.05).

The IL-12 production of anti-CD3-stimulated human PBMC
was not significantly altered by the presence of rOv17, while
rCyselel and rCysele2 significantly (P = 0.001) enhanced the
release of IL-12 by about 4.3-fold in comparison to the anti-
CD3 stimulation (Fig. 6). The IL-12 levels measured in the
presence of the control protein were even higher than those
induced by rCyselel and rCysele2. The IFN-y production
showed a trend to be downregulated in the presence of the O.
volvulus cystatin, while rCyselel and rCysele2 had a tendency
to upregulate the production of IFN-y (Fig. 6), similar to the
control protein. The differences between the IFN-vy levels of
the cystatins compared to the control protein were not statis-
tically significant. However, differences in the IFN-y levels
between rOv17 and rCyselel as well as rCysele2 were signifi-
cant (P = 0.05).

In parallel, we determined the amounts of IL-10 and IL-
12p40 in culture supernatant of unstimulated PBMC of six
individuals after 24 h. The test revealed that both C. elegans
cystatins had no effect on the production of IL-10 and IL-
12p40 of unstimulated cells and therefore reacted like the
control protein rOv33. In contrast, rOv17 induced a significant
increase of the cytokine IL-10 in unstimulated cells (P = 0.001,
Fig. 6) but had no influence on the IL-12p40 production in
unstimulated cells.

These data show that the filarial cystatins increased IL-10
production significantly better than the C. elegans cystatin. In
contrast, C. elegans cystatins enhanced the production of the
Th1 cytokines IL-12 and IFN-vy, which was not the case for the
parasite cystatins.

Production of inducible nitric oxide by nematode cystatins.
Members of the cystatin superfamily, e.g., chicken cystatin,
have been described to cause an upregulation of the inducible
nitric oxide production of IFN-y-activated macrophages. (44),
and the same applies to A. viteae and O. volvulus cystatins (17).
Therefore, we tested whether C. elegans cystatins also modu-
late the nitric oxide production of IFN-y-activated macro-
phages. Peritoneal macrophages of BALB/c mice were stimu-
lated with IFN-y for 24 h, and nitric oxide production was
measured by the stable degradation product nitrite in the cul-
ture supernatant. The culture supernatant of IFN-y-activated
macrophages of BALB/c mice contained 2 puM * 0.2 uM
nitrite, whereas no nitrite was detected in nonactivated cells.
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FIG. 4. Antigen-driven proliferation of human PBMC in the presence of recombinant nematode cystatins. PPD-stimulated proliferation of
PBMC of two representative blood donors in the presence of 0.5 uM rCyselel, rCysele2, or rOv17 or of the control protein rOv33. The data shown

were obtained with 3.5 X 10° cells from two representative blood donors.

The addition of 0.5 uM rCyselel led to an increase in nitric
oxide production up to 8.5 uM = 0.66 uM nitrite (P = 0.001),
while 0.5 uM rCysele2 led to an increased production of nitric
oxide of 4 pM * 0.39 pM nitrite (P = 0.001, Fig. 7). The
filarial cystatin rOv17 stimulated nitric oxide production to 5.4
uM = 0.32 pM in the presence of the molecule at 0.5 pM (P
= 0.001), while the recombinant filarial control protein
(rOv33) had no effect on the inducible nitric oxide production
of macrophages.

These data show that the capacity to upregulate the induc-
ible nitric oxide production is a common feature of nematode
cystatins, irrespective of the life style of the worms.

DISCUSSION

This study compares the immunomodulatory activity of cys-
tatins of parasitic filarial nematodes and of the free-living nem-
atode C. elegans. One of the major characteristics of filarial
cystatins shown here is their capacity to interfere with prolif-
eration of host T cells. In contrast, the C. elegans cystatins
Cyselel and Cysele2 used in our experiments had this effect to
a much lesser extent. Neither the antigen-driven proliferation
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FIG. 5. Antigen-driven proliferation of murine spleen cells in the
presence of recombinant nematode cystatins. Ovalbumin (OVA)-stim-
ulated proliferation of spleen cells of ovalbumin receptor transgenic
mice in the presence of a constant amount (0.25 pM) of rCyselel,
rCysele2, rAv17, or rOv33. The data shown were obtained with spleen
cells from five individual mice.

of ovalbumin-stimulated spleen cells from ovalbumin receptor
transgenic mice nor the mitogen-stimulated proliferation of
mice were affected by C. elegans cystatins compared to the
cystatin of the rodent filaria A. viteae. This lack of immuno-
modulatory capacity was also found when human PBMC stim-
ulated with anti-CD3 antibodies or with PPD were exposed to
cystatins of C. elegans. In contrast, the cystatin of the human-
pathogenic filaria O. volvulus strongly interfered with the pro-
liferation of human PBMC.

These data on filarial cystatins support the results of earlier
studies. A. viteae cystatin inhibits murine T-cell proliferation,
which coincides with the upregulation of IL-10 (16). O. volvu-
lus cystatin suppresses polyclonally stimulated as well as anti-
gen-driven cellular proliferation of human PBMC, accompa-
nied by downregulation of MHC class II protein and the
costimulatory molecule CD86 on monocytes (42). Effects in
line with these data were described for Brugia malayi cystatin,
which inhibits class I MHC-restricted antigen processing (25).
Moreover, application of Litomosoides sigmodontis cystatin to
experimental animals reduced the antigen-specific cellular re-
activity of murine spleen cells ex vivo (36).

In an attempt to identify differences between the nematode
cystatins that could account for the observed differential im-
munomodulatory properties, we comparatively characterized
filarial cystatins and C. elegans cystatins by several approaches.
Our K; value determinations of nematode cystatins performed
with the human cathepsins B, L, and S may reflect differences
in the amino acid sequences. Differences in the N-terminal
active domain of cystatins have been shown to change their
inhibitory capacity (4, 13, 14). While the K; values of O. vol-
vulus cystatin and C. elegans cystatin for cathepsins L and S
were in the same range, cathepsin B was significantly better
inhibited by C. elegans cystatins than by O. volvulus cystatin.
This is of particular interest because cathepsin B was described
to play a role in the destructive degradation of antigenic frag-
ments during the process of antigen presentation (7, 27). It has
been shown that inhibition of cathepsin B resulted in enhance-
ment rather than inhibition of presentation of specific antigens
(7, 26). This suggests that efficient cathepsin B inhibitors like
Cyselel and Cysele2 might protect epitopes from proteolytic
destruction and would thus support antigen presentation and
antigen-specific proliferation of T cells.

Apart from antigen presentation, protease inhibitors of the
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FIG. 6. Production of IL-10, IL-12, and IFN-y by human PBMC in the presence of recombinant nematode cystatins. Anti-CD3 antibody-
stimulated production of IL-10 (a), IL-12 p40 (b), and IFN-y (c) by PBMC from eight healthy donors after 48 h. (d) Spontaneous production of
IL-10 in the blood of six donors after 24 h. The concentration of rCyselel, rCysele2, rOv17, and the control protein rOv33 was 0.5 pM.

papain-like proteases (family 1) also have other important
functions. In experimental murine leishmaniasis, it was shown
that treatment of mice with a synthetic cathepsin B inhibitor
induced a switch of CD4" T-cell differentiation from Th2 to
Thl. CA074, a specific inhibitor of cathepsin B, appeared to
block the development of the Th2 response that usually devel-
ops in BALB/c mice infected with Leishmania major and, in
turn, promoted the development of Thl cells (21). Further
studies with site-directed mutagenesis will show whether the
increased inhibition of cathepsin B by C. elegans cystatins is
related to the observed amino acid differences in the N-termi-
nal inhibitory domain. However, cathepsins L and S also have
essential functions in processing and presentation of antigens
(31, 32, 33, 41), and our experiments show that they are sim-
ilarly inhibited by nematode cystatins.

Our evaluation of the cytokine production of human PBMC
in the presence of O. volvulus cystatin confirms earlier studies
on the effect of filarial cystatins on murine cells and human
cells (16, 42). The comparison with C. elegans cystatins re-
vealed a prominent difference. Human PBMC exposed to O.
volvulus cystatin induced TNF-«, followed by a strong produc-
tion of IL-10. This IL-10 burst would support Th2-like cytokine
responses (29). In contrast, both C. elegans cystatins upregu-
lated the production of the Thl cytokines IL-12 and IFN-vy,
after an initial release of TNF-a. In this regard, the C. elegans
cystatins behave very much like chicken cystatin, which in-
creases the levels of IL-12 and reduces the levels of IL-4,

leading to a switch of CD4 " differentiation from Th2 to Thl,
as shown in a study of experimental leishmaniasis (6).

The molecular basis for this differential induction of cyto-
kines is currently unclear. The induction of TNF-a by all nem-
atode cystatins is compatible with a binding of proteins to
toll-like receptors of human PBMC, a class of receptors which
have been described to mediate responses to microbial ligands
(43). An upregulation of TNF-a followed by an upregulation
of IL-10 is a characteristic pattern of events evoked by contact
of macrophages with bacterial lipopolysaccharide and related
substances (28, 38). However, an influence of lipopolysaccha-
ride has been excluded in this and previous studies by careful
controls. We therefore assume that cystatins have the inherent
property to induce TNF-a and IL-10. The degree to which
IL-10 is produced might be determined by the other cytokines
produced at the same time as a response to cystatin. The
relative lack of IL-10 upregulation by C. elegans cystatin might
be due partly to the parallel increased production of the Thl
cytokines IL-12 and IFN-vy.

The theoretical consequences of the IL-10 burst after con-
tact with filarial cystatins coincide well with our observations.
IL-10 is a cytokine which causes immunosuppressive effects,
leading to reduced T-cell proliferation (8). A combination of
IL-10 and TGF-B produced by regulatory T cells is well known
to account for immunological tolerance to food antigens (12)
and for cellular unresponsiveness in filarial infections (9). Such
a combined production of both cytokines did not occur in our
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FIG. 7. Nitric oxide production by IFN-y-activated murine macro-
phages in the presence of recombinant nematode cystatins. Peritoneal
macrophages from BALB/c mice were activated with IFN-y for 24 h
and incubated with various concentrations of rCyselel, rCysele2,
rOv17, and rOv33. The nitric oxide production of macrophages was
determined in the culture supernatant by measuring nitrite. Data
shown are means * standard deviation of triplicate determinations.

context, since the TGF-B responses of human PBMC were not
altered after contact with nematode cystatins (our unpublished
data). However, IL-10 on its own might have modulatory ef-
fects, since cellular hyporeactivity in filarial infections has been
associated with this cytokine (22, 34). Therefore, an increased
capacity to induce IL-10 might be an adaptation to the para-
sitic life style.

The enhancement of the inducible nitric oxide production of
IFN-y-stimulated murine macrophages by all tested nematode
cystatins confirms earlier studies on filarial cystatins (17). This
upregulation of inducible nitric oxide can be considered a
common quality of cystatins, as chicken cystatin, human stefin
B, and rat kininogen upregulate the nitric oxide production of
IFN-y-activated murine macrophages (44). Interestingly, the
upregulation of nitric oxide by cystatin is considered not to be
due to its biological activity as a protease inhibitor, as related
synthetic protease inhibitors did not cause this effect (17, 44).
The induction of nitric oxide by cystatins was suggested to be
at least partly due to a modulation of the cytokine production
exerted by these molecules (17, 45).

In conclusion, our comparison with C. elegans cystatins re-
veals that cystatins of the parasitic filarial nematodes seem to
exert their effect by at least two distinct mechanisms that act in
concert, the inhibition of proteases and the induction of cyto-
kines. The low inhibition by O. volvulus cystatin of cathepsin B
together with a strong inhibition of cathepsins L and S is prone
to inhibit antigen processing and presentation. In contrast, the

INFECT. IMMUN.

strong inhibition of cathepsin B by the C. elegans cystatins will
support antigen presentation and at the same time lead to
Th1-like responses. These tendencies would be reinforced by
the cytokine responses, in that the filarial cystatins induce
mainly IL-10, which inhibits antigen presentation and favors
the development of Th2-like responses. In contrast, the C.
elegans cystatins reinforce the tendency towards a Thl-like
response by inducing IL-12 and IFN-y. This intricate interplay
between protease inhibition and induction of cytokine re-
sponse supposedly leads to the induction of anti-inflammatory
responses and contributes to the persistence of filariae in the
host.
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