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bstract

Cystatins, together with stefins and kininogens, are members of the cystatin superfamily of cysteine protease inhibitors (CPI)
resent across the animal and plant kingdoms. Their role in parasitic organisms may encompass both essential developmental
rocesses and specific interactions with the parasite’s vector and/or final host. We summarise information gathered on three cystatins
rom the human filarial nematode Brugia malayi (Bm-CPI-1, -2 and -3), and contrast them those expressed by other parasites and by
he free-living nematode Caenorhabditis elegans. Bm-CPI-2 differs from C. elegans cystatin, having acquired the additional function
f inhibiting asparaginyl endopeptidase (AEP), in a manner similar to some human cystatins. Thus, we propose that Bm-CPI-2 and
rthologues from related filarial parasites represent a new subset of nematode cystatins. Bm-CPI-1 and CPI-3 share only 25% amino
cid identity with Bm-CPI-2, and lack an evolutionarily conserved glycine residue in the N-terminal region. These sequences group
istantly from the other nematode cystatins, and represent a second novel subset of filarial cystatin-like genes. Expression analyses
lso show important differences between the CPI-2 and CPI-1/-3 groups. Bm-cpi-2 is expressed at all time points of the parasite life

ycle, while Bm-cpi-1 and -3 expression is confined to the late stages of development in the mosquito vector, terminating within
8 h of infection of the mammalian host. Hence, we hypothesise that CPI-2 has evolved to block mammalian proteases (including
he antigen-processing enzyme AEP) while CPI-1 and -3 function in the milieu of the mosquito vector necessary for transmission
f the parasite.

2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The human filarial parasite Brugia malayi is an
arthropod-borne nematode which causes lymphatic filar-
iasis, an infection afflicting more than 120 million people
worldwide (Michael, Bundy, & Grenfell, 1996; Nutman,
1999). Transfer from the mosquito is facilitated through
the puncture wound produced during blood feeding after
which the infective larvae (L3) migrate through the capil-
lary system to the lymphatic tissues (Scott, 1999). During

the following weeks they develop into long-lived adult
parasites, releasing thousands of L1 offspring (microfi-
lariae) which migrate to the blood stream awaiting uptake
into a mosquito bloodmeal. The mammalian stages of
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the parasite are long-lived, with adult worms surviving
for 5 years or more, generating considerable interest in
their ability to suppress host immune effector mecha-
nisms (Maizels & Yazdanbakhsh, 2003; Maizels et al.,
2004; Semnani & Nutman, 2004).

The worm’s life cycle is punctuated by four obliga-
tory moults, a process involving the synthesis of a new
cuticle beneath the existing one, followed by the ecdy-
sis of the old cuticle. This process occurs twice within
the mosquito and twice in the human host. In filariae,
cysteine proteases have been implicated in the moulting
process; small synthetic inhibitors of cysteine proteases
arrest moulting after the production of the new cuticle
but prior to ecdysis, resulting in morphological abnor-
malities in the cuticle (Lustigman et al., 1996). Because
cysteine proteases control a myriad of other physio-
logical processes, including lysosomal degradation and
inflammation, their activity is tightly controlled by a fam-
ily of specific cysteine protease inhibitors, the cystatins
(Abrahamson, Alvarez-Fernandez, & Nathanson, 2003).

Cystatins are protein inhibitors of cysteine proteases
found in a wide range of metazoan and plant taxa
(Kotsyfakis et al., 2006; Margis, Reis, & Villeret, 1998).
On the basis of primary sequence homology the cystatin
superfamily has been sub-divided into three families,
stefins (family 1), cystatins (family 2) and kininogens
(family 3) (Abrahamson et al., 2003). Stefins are predom-
inantly intracellular non-glycosylated proteins that lack
disulphide bonds while cystatins possess two disulphide
bonds, are generally found in extracellular spaces and
may be glycosylated and/or phosphorylated; both fam-
ily 1 and family 2 inhibitors are low molecular weight
(10–15 kDa) proteins. Kininogens are larger plasma pro-
teins containing multiple cystatin-type domains. In this
review, we will focus on the family 2 cystatins from
nematode organisms, and propose that they fall into three
subgroups, two of which contain novel structural features
for invertebrate cystatins.

1.1. Identification of filarial nematode cystatins

The nematode phylum includes both free-living
organisms, such as Caenorhabditis elegans, and numer-
ous parasitic species, including the group of filarial
parasites which are the focus of this review. Although the
genome of C. elegans was the first metazoan to be fully
sequenced, nematode cystatins were first recognised
among the filarial parasites in which protein- and mRNA-

led investigations revealed prominent expression of these
inhibitors. In the human filarial nematode B. malayi,
Bm-cpi-1 was identified by its high level of expression
among transcripts from the infective, mosquito-borne
Biochemistry & Cell Biology 40 (2008) 1389–1398

third-stage larvae (L3) (Gregory, Blaxter, & Maizels,
1997), with closest sequence similarity to family 2 cys-
tatins (Fig. 1) Interestingly, cpi-1 cDNA is trans-spliced
with the 22-nt nematode spliced leader sequence (SL-1)
at the 5′ end immediately before the start codon and a
19-aa predicted signal sequence. Antibodies to the 108-
aa mature CPI-1 have been used to confirm that the gene
product was synthesized and exported to the larval par-
asite surface, and indeed secreted in vitro by cultured
larval parasites (Gregory, unpublished data).

A survey of ESTs from the same parasite confirmed
the abundance of cpi-1 (0.55% of all L3 ESTs), and
also identified a related cystatin, designated Bm-cpi-2
which is similarly trans-spliced with SL-1. Antibodies to
CPI-2 demonstrated that this cystatin is most associated
with the mature, adult worm, in which the protein prod-
uct can be shown to be located on the parasite surface,
as well as in in vitro secretions (Gregory, unpublished
data). Consistent with its expression by the adult form
of the parasite, which is able to survive for many years
in an immuno-competent host, CPI-2 appears to have
evolved to play a precise role in parasite immune evasion
(Maizels, Gomez-Escobar, Gregory, Murray, & Zang,
2001; Manoury, Gregory, Maizels, & Watts, 2001).

Most recently, with the publication of the B. malayi
genome sequence (Ghedin et al., 2007), we have iden-
tified a third cystatin (Bm-cpi-3). In parallel, several
investigators have reported cystatin homologues from
other filarial parasite species. In the case of Onchocerca
volvulus, the cause of human river blindness, we
identified Ov-CPI-1 as a homologue from EST data
(Gregory et al., unpublished data), as well as Ov-
CPI-2 which is also termed Onchocystatin (Lustigman,
Brotman, Huima, & Prince, 1991; Lustigman, Brotman,
Huima, Prince, & McKerrow, 1992; Schönemeyer et al.,
2001). Further family members have been described in
filarial parasites of rodents, Acanthocheilonema viteae
(Av-CPI), reported to be highly secreted by female
adult worms (Hartmann, Kyewski, Sonnenburg, &
Lucius, 1997) and Litomosoides sigmodontis (Ls-CPI)
(Pfaff et al., 2002). We discuss below the structural,
functional and expression characteristics of these filar-
ial cystatins in relation to homologues from other
organisms.

1.2. Analyses of cystatin protein sequences

Although there is a low overall level of sequence

identity (14–23%) between the filarial cystatins and the
vertebrate members of family 2, all the key structural
features of this group are conserved. These features are:
(1) an N-terminal signal peptide; (2) a single domain
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tructure of ∼100 aa; (3) two internal disulphide bonds;
4) an invariant glycine residue within the first 10–15
esidues of the mature protein; (5) a central Gln-X-
al-X-Gly motif; (6) a C-terminal Pro-Trp hairpin loop
air. The latter three regions together protrude into the
ctive site cleft of the protease to achieve inhibition
Bode et al., 1988). The filarial cystatins conform with
ach of these structural patterns, except that only one
isulphide bond exists, as the second C-terminal cys-
eine residue pair that spans the P-W residues is absent
Fig. 1A).

More surprisingly, Bm-CPI-1 and CPI-3 are missing
he N-terminal glycine residue, with the replacement of
glycine by a serine residue at position 6 in the mature
m-CPI-1 (Fig. 1A). In solution, the lack of any side
hain in Gly-6 is thought to confer structural flexibility
o the N-terminal trunk of the protein. In complexes with
roteases, however, the N-terminus is immobilized by
nteractions of residues directly preceding the glycine
ith the substrate-binding sites of cysteine proteases

Bode et al., 1988).
In mammalian cystatins, mutations in residues up

o and including the glycine decrease or abolish the
bility of the inhibitor to interact with a variety of sub-
trates, as the presence of an amino acid side-chain
t this position impedes structural flexibility (Bode et
l., 1988; Hall, Dalboge, Grubb, & Abrahamson, 1993;
all, Hakansson, Mason, Grubb, & Abrahamson, 1995;
hibuya et al., 1995). However, the glycine residue
f cystatin C is not necessary for inhibition of the
minopeptidase cathepsin C (dipeptidyl peptidase I)
Hall et al., 1993). In addition, truncation of the N-
erminal residues of cystatin C does not affect cathepsin

or cathepsin H inhibition (Abrahamson et al., 1987,
991). These studies suggest that, despite the substi-
ution of glycine for serine in Bm-CPI-1, this product
ay still function as an inhibitor of a cathepsin C-like

nzyme.
In some mammalian cystatins, such as cystatin C,

second inhibitory site has been demonstrated which
locks legumain or asparaginyl endopeptidase (AEP)
nzymes (Alvarez-Fernandez et al., 1999). This lies on
he opposite side of the protein to the papain-binding
ite (Fig. 1B), and contains an asparagine essential for
egumain inhibition within the motif SND (Alvarez-
ernandez et al., 1999). It is interesting to note that the
ame motif is present in filarial cystatins of the CPI-2
ype (amino acids 83-86 in Fig. 1A). Indeed, Bm-CPI-
has been shown to block the activity of mammalian
egumain and the related enzyme, asparaginyl endopep-
idase in antigen-presenting cells (Manoury et al., 2001),
nd site-directed mutagenesis studies have established
iochemistry & Cell Biology 40 (2008) 1389–1398 1391

that, as with the mammalian inhibitor, the asparagine
residue of Bm-CPI-2 is essential for AEP inhibition but
is not required for cathepsin B, L or S inhibition (Murray,
Manoury, Balic, Watts, & Maizels, 2005).

A further unusual feature of Bm-CPI-2 and its homo-
logues from 3 other filarial nematodes is the insertion
of a short (15–20 aa) N-terminal peptide. Currently, we
are unable to assign a functional property to this tract,
although one possibility is that it allows the protease
inhibitor to interact more effectively with target cells
of the immune system. For example, if this inserted
sequence were to be recognised by innate receptors of
mammalian antigen-presenting cells, the CPI-2 proteins
might gain access to intracellular compartments con-
taining target cathepsins and AEP. Experiments are now
under way to test this supposition.

1.3. Comparison with C. elegans and other
non-filarial nematodes

Two cystatin-like sequences from the free-living
nematode C. elegans have been readily identified, and
designated Ce-CPI-1 and -2 (Murray et al., 2005). The
predicted proteins are 48% identical to each other and,
like the filarial cystatins, are marked by the presence
of only one pair of cysteines. The canonical features of
an N-terminal Glycine, a central Gln-Val-Val-Ala-Gly,
and a C-terminal P-W pair are all present (Fig. 1). Inter-
estingly, on the opposite face to the central QVVAG,
Ce-CPI-1 encodes SNN, and Ce-CPI-2 NNG, at the posi-
tion where Bm-CPI-2 has a functional AEP-inhibiting
motif, SND. Testing of recombinant C. elegans cystatins,
expressed in bacteria, revealed however that neither Ce-
CPI-1 nor -2 were able to block AEP, although both were
effective at inhibiting cathepsin S (Murray et al., 2005).
However, Ce-CPI-2 (also named CPI-2a in distinction
to a truncated isoform predicted to be nonfunctional)
has been shown to be essential in oocyte maturation
and fertilization, with cpi-2 mutant worms being ster-
ile (Hashmi, Zhang, Oksov, Ji, & Lustigman, 2006).
Further comparisons between filarial and C. elegans cys-
tatins are described below, in the context of immune
evasion (Hartmann & Lucius, 2003; Schierack, Lucius,
Sonnenberg, Schilling, & Hartmann, 2003).

In addition to C. elegans, cystatins have been iden-
tified in two non-filarial nematode parasites, both
gastrointestinal worms of animal hosts. Haemonchus
contortus, a prominent gut parasite of sheep, expresses

Hc-CPI (Newlands, Skuce, Knox, & Smith, 2001), while
Nippostrongylus brasiliensis, a common model system
which infects rodents, expressed Nb-CPI (Dainichi et al.,
2001).



1392
W

.F.G
regory,R

.M
.M

aizels
/T

he
InternationalJournalofB

iochem
istry

&
C

ellB
iology

40
(2008)

1389–1398

Fig. 1. Comparison of nematode and vertebrate cystatin sequences. (A) Sequence alignment of nematode and vertebrate cystatins. Residues known to be involved in papain binding are in open
grey boxes, including the conserved N-terminal glycine residue (numbered 56) absent in Bm-CPI-1 and -3. The proposed AEP-binding loop residues (numbered 83–86) are outlined in green boxes.
Conserved disulphide bonds are drawn below the alignment. The cystatin-specific flexible loop, QVVAG in Bm-CPI-1 and -2, is also shown. Accession numbers for cDNA or proteins sequences
are as follows: Brugia malayi – Bm-CPI-1, U80972; Bm-CPI-2, AF015263; Bm-CPI-3 (submitted); Onchocerca volvulus – Ov-CPI-1, AF177194; Ov-CPI-2, P22085; Litomosoides sigmodontis
– Ls-CPI, AF229173; Acanthocheilonema viteae – Av-CPI;, L43053 Nippostrongylus brasiliensis – Nb-CPI, AB050883; Haemonchus contortus – Hc-CPI AF035945; Caenorhabditis elegans –
Ce-CPI-1 (K08B4.6), AF100663; Ce-CPI-2 (R01B10.1), AF068718; Chicken cystatin C, P01038. (B) Diagram of cystatin structure, illustrating the papain inhibitory loop and AEP inhibitory site
on opposite faces of the protein. The diagram is adapted from the original published by Alvarez-Fernandez et al. (1999). (C) Genomic structure of B. malayi and C. elegans cystatin genes. Intron
positions are represented by inverted triangles. Open symbols are in Phase 0, solid symbols in Phase 1. Vertical lines indicate correspondence between introns.
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.4. Analysis of genomic structure

All three B. malayi cystatin genes contain three
ntrons varying in size from 120 to 480 bp, which
re located at identical positions within the coding
equences (Fig. 1C). The number and position of these
ntrons are atypical for known cystatin genes, as they
iffer markedly from the structure observed in C. ele-
ans. It is especially surprising that intron positions are
trictly conserved between three B. malayi genes whose
oding regions are up to 75% divergent. Thus, while
he genomic organisation implies that B. malayi cys-
atin genes have diverged subsequent to the separation
f filarial and C. elegans lineages, the coding sequence
hylogeny suggests the reverse. This may indicate that
arasite cystatin protein sequences have undergone rapid
volution in recent times, possibly as an adaptation to the
arasitic life cycle.

.5. Differential expression of filarial cystatins
hrough the life cycle

While EST information gave some indication of filar-
al cystatin levels in different stages, it is important to
erify this with more directed studies. Accordingly, RT-
CR was employed to detect gene expression throughout

he parasite’s development in both mosquito and mam-
alian hosts. Gene-specific primer pairs located within

xons 1 and 4 of the genes were chosen to ensure dis-
rimination between cDNA and genomic amplification
roducts. PCR from cDNA libraries of the three main
tages of B. malayi suggested that while Bm-cpi-2 is con-
titutively expressed, cpi-1 and -3 are more restricted in
heir expression to the L3 stage.

A more comprehensive insight is afforded by prepar-
ng mRNA from each stage of development both during
he vector mosquito (Fig. 2A) and also following infec-
ion in the mammal (Fig. 2B) (Gregory, Atmadja, Allen,

Maizels, 2000; Murray, Gregory, Gomez-Escobar,
tmadja, & Maizels, 2001). This analysis shows that
m-cpi-2 RNA is indeed present in all life cycle stages
ut cpi-1 is only detectable in the late stages of par-
site development in the vector mosquito and the very
arly stages of development in the mammal. Twenty-four
ours after entry into the mammalian host, cpi-1 expres-
ion is seen to fall below the detection limit of the assay,
ven after 35 rounds of amplification, with only marginal
xpression at some later time points. Similarly, cpi-3

s predominantly expressed in maturing larvae within
he mosquito, although transcripts of this gene can be
etected from an earlier timepoint, and are evident at
ater mammalian timepoints, than is the case for cpi-
iochemistry & Cell Biology 40 (2008) 1389–1398 1393

1. It is interesting to note that cpi-1 and cpi-3 genes
are adjacent within the B. malayi genome, organised in
an inverted head-to-head repeat (Fig. 2C). Between the
respective ATG start codons, lie 2.5 kb of intervening
sequence which also shows signs of a duplication event.
Thus the 500 bp immediately upstream of each gene
shows 44% nucleotide identity, suggesting that expres-
sion of both cpi-1 and cpi-3 may share some common
promoter elements.

The distinct developmental expression patterns of the
cpi genes may give some insight into their respective
functions. The restriction of cpi-1 and -3 to the mosquito
stage indicates that their target protease may be of insect
origin rather than mammalian. Initiation of Bm-cpi-1
expression coincides with L2 moult and the migration
of larvae from the muscle cells of the thorax to the
mouthparts of the mosquito (Schacher, 1962). This is
also the time at which larvae become infective to the
mammalian host. Expression of the gene is high in com-
parison with �-tubulin and continues until larvae infect
the mammalian host. Localization of the protein at the
surface of the larvae suggests that it may be involved
in protection of the surface cuticle while the larvae are
resident within the head and mouthparts of the vector.

In contrast, the continuing production and secretion
of Bm-CPI-2 throughout the mammalian part of the life
cycle implies an active role in parasite maintenance. In
the related parasite O. volvulus, the homologous gene
product is highly expressed in the cuticle of moulting
larvae, and indeed synthetic cysteine protease inhibitors
are able to arrest moulting altogether (Lustigman et
al., 1992; Richer, Hunt, Sakanari, & Grieve, 1993).
However, there was no detectable increase in cpi-2
transcription around the moulting events, as for exam-
ple observed with collagen genes involved in cuticle
synthesis in C. elegans (Johnstone & Barry, 1996). In
contrast, there is ample evidence that the CPI-2 fam-
ily are involved in immune interference, as discussed
in the following section. The probability remains there-
fore that CPI-2, at least, continues to be important in
the host–parasite relationship after the final moult to the
adult stage.

It should also be considered that multiple functions
for each cystatin would not be unprecedented. For exam-
ple, Bm-CPI-1 may also be required for protection of
larvae from host proteases immediately after infection,
or that it plays a regulatory role in the extensive cuticu-
lar changes that are initiated by the infection process,

including the preparation for moulting. Equally, the
expression of CPI-2 in the invertebrate vector is likely
to have a functional outcome. In this setting, injec-
tion of recombinant Ov-CPI-2 was shown to increase
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Fig. 2. Expression patterns of B. malayi cystatins. (A and B). Stage-specific expression of Bm-cpi-1, and -3, compared to constitutive expression
of Bm-cpi-2 throughout the vector stage of the life cycle (A) and during the first 25 days of development in the gerbil (B). L1–L4 denote the
larval stages of the parasite. Total RNA was reverse-transcribed with oligo (dT) primer. PCR was then carried out with primers specific for cpi-1,
-2, -3 or �-tubulin. Products were run on 1% agarose gels and stained with ethidium bromide. Vector stage parasites were obtained from Aedes
aegypti mosquitoes infected with B. malayi by membrane feeding on human citrate-treated blood mixed with peritoneal-derived L1 larvae (termed
microfilariae, Mf) to a concentration of 16,000 Mf/ml. Mammalian stage parasites were recovered from gerbils infected intraperitoneally. Adult
parasites and Mf were harvested from gerbils 3–12 months after infection. RNA was extracted using either TRIZOLV or RNAZOL B (Biotex Inc.).
Total RNA was extracted from individual bloodfed mosquitoes without any attempt to isolate the larvae. For each mosquito 40 �l of first strand
cDNA was synthesized using the GeneAmp RNA PCR Kit (Perkin Elmer) with the oligo d(T)16 primer. To detect infected mosquitoes each first
strand cDNA was amplified with primers specific for cpi-2. Total RNA from positive mosquitoes was pooled and PCRs using 5′ and 3′ gene-specific
primers for cpi-1 and cpi-2 carried out using 5 �l pooled vector stage cDNA or 1 �l mammalian stage cDNA. Each cDNA was also amplified with
primers specific for �-tubulin (Gomez-Escobar, Lewis, & Maizels, 1998). 25 �l PCR reactions were performed under standard conditions (94 ◦C

min) an
d cpi-3
for 1 min, 55 ◦C for 1 min, 72 ◦C for 1.5 min, 35 cycles; 72 ◦C for 10
Taq polymerase. (C) Diagram of tail-to-tail organisation of cpi-1 an
14489.m00063 and 14489.m00055, respectively.

infection levels of Onchocerca ochengi in its blackfly
vector, suggesting a role for CPI-2 cystatins in defence
against vector proteases (Kläger, Hagen, & Bradley,
1999).

1.6. Filarial cystatins and immune evasion

The cystatins from filarial nematodes have become
recognised as one of the major sets of immune eva-
sion molecules produced by these parasites (Hartmann
& Lucius, 2003; Maizels, Gomez-Escobar et al., 2001;
Maizels, Blaxter, & Scott, 2001; Vray, Hartmann, &
Hoebeke, 2002). The first evidence was reported for A.

viteae CPI-2 (Av17), which directly inhibits murine T
cell proliferation in vitro, while simultaneously elicit-
ing the production of the suppressive cytokine IL-10
(Hartmann et al., 1997). Interestingly, the C. elegans
d included 50 �M of each primer, 0.2 mM of each dNTP and 1.25 U
genes in the genome of B. malayi, designated as predicted proteins

cystatins do not induce IL-10, but instead promote
the pro-inflammatory cytokine IL-12 (Schierack et al.,
2003).

As with Av-CPI, the O. volvulus CPI-2 (Ov-17 or
onchocystatin) reduces polyclonal and antigen-specific
T cell proliferation under conditions which are unaf-
fected by either C. elegans cystatin (Schierack et al.,
2003). The Ov-CPI-2 acts similarly on human T cells,
as would be expected from a product of a human para-
site, and was found also to inhibit monocyte expression
of MHC Class II as well as the co-stimulatory molecule
CD86 (Schönemeyer et al., 2001).

This was an important indication that filarial cys-

tatins may target antigen-presenting cell function, which
was demonstrated more directly in experiments which
showed Bm-CPI-2 can block degradation of the tetanus
toxoid (TT) protein in vitro by the antigen-processing
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nzyme AEP (Manoury et al., 2001). Furthermore, anti-
en processing was inhibited in whole cell assays, in
hich the ability of TT-pulsed B cells to stimulate
T-peptide-specific T cell clones was measured, and Bm-
PI-2 was also shown to partially inhibit invariant chain
reakdown (Manoury et al., 2001). Hence, the parasite

nhibitor, known to be secreted from filarial worms, can
xert a direct inhibitory effect at key points in the path-
ay for processing of exogenous antigenic peptides to

he immune system.

ig. 3. Unrooted phylogram showing the relationship of nematode cystatins w
op of the branch lines show the calculated credibility values. GenBank or Swi
alayi CPI-2, O16159; L. sigmodontis CPI, Q9NH95; A. viteae CPI, Q17108; O
PI. Q966W0; H. contortus CPI, O44396; C. elegans CPI-1, Q9TYY2; C. e
9H4G1; CYTA SARPE, P31727; CYTC HUMAN, P01034; CYTD HUMAN
UMAN, Q15828; CYTS HUMAN, P01036; CYTT HUMAN, P09228; CY
YT ONCMY, Q91195; CYT BITAR P08935; CYT COTJA P81061; Ornithod
ystatin-2, Q6QD55 ORNMO; Ixodes scapularis cystatin 2, CPIQ4PMS6 IX
86GB6 IXORI; Hydractinia echinata CPI, CO539721; Tetraodon nigrovirid
nalysis: Cystatin sequences, omitting their signal peptides, were aligned w
djustment. The peptide sequences were analysed using the Markov chain Mo
he model for amino acid substitution was not set a priori and the Markov ch
hains were run for 1,000,000 generations, with trees saved every 100 gener
onsensus tree derived after discarding the first 500 trees (i.e. 50,000 generati
iochemistry & Cell Biology 40 (2008) 1389–1398 1395

In the mouse system, filarial cystatins have been
found also to influence macrophages. In particular,
nitric oxide production is significantly enhanced in
IFN-�-activated macrophages which are exposed to
Av-CPI (Av17) or Ov-CPI-2 (Hartmann, Schönemeyer,
Sonnenburg, Vray, & Lucius, 2002) and this effect

is independent of the LPS-responsiveness genotype of
the murine cells (an important control when testing
recombinants derived from bacterial expression sys-
tems). Interestingly, enhancement of NO responsiveness

ith members of the cystatin, stefin and kininogen families. Numbers on
ssProt accession numbers are as follows: B. malayi CPI-1, P90698; B.
. volvulus CPI-1, Q9U9A1; O. volvulus CPI-2, P22085; N. brasiliensis

legans CPI-2, Q86S25; CST11 HUMAN, Q9H112; CST9 HUMAN,
, P28325; CYTF HUMAN, O76096; CYTL DROME, P23779; CYTM
T CHICK, P01038; CYT CYPCA, P35481; CYT NAJAT, P81714;
oros moubata cystatin-1, Q6QZV5 ORNMO; Ornithodoros moubata
OSC; Ixodes scapularis CPI, Q8MVB6 IXOSC; Ixodes ricinus CPI,
is CPI, CR648555; Takifugu rubripes CPI, CA845225. Phylogenetic

ith the aid of the ClustalW function of MacVector with final manual
nte Carlo maximum likelihood process as driven by MrBayes v3.0b4.
ain randomly swapped parameters of both the trees and models. Four
ations, and the Bayesian posterior probabilities for nodes in the final
ons) as burn in.
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from macrophages does not require intact protease
inhibitory activity, and is attributed to a distinct but as
yet unidentified part of the cystatin molecule. Indeed, the
same properties are also true for mammalian cystatins
(Verdot et al., 1996). Finally, a different perspective is
provided by studies with the L. sigmodontis cystatin, Ls-
CPI. Recombinant cystatin was infused in vivo via a
micro-osmotic pump implanted in the peritoneal cav-
ity. Exposed mice were found with elevated TNF-�
responses in peritoneal cells, but lower antigen-specific
splenocyte responses and reduced NO levels (Pfaff et
al., 2002). These authors also tested Ls-CPI as a vaccine
against filarial infection, and reported that immunized
mice developed lower frequency of mature infections
with circulating microfilariae (Pfaff et al., 2002). This
is an intriguing and important result that merits wider
assessment in the different experimental systems avail-
able.

1.7. Evolutionary analysis

In terms of both sequence similarity and functional
capacity for protease inhibition, the set of nematode
cystatins described from C. elegans, and both filarial
and non-filarial parasitic species are clearly members
of the cystatin superfamily. Interestingly, all lack the
second pair of cysteine residues found in family 2 cys-
tatins, residues that clamp the carboxy terminus to the
�-pleated sheet in all other family 2 cystatins. Mem-
bers of the family 2 cystatins are considered to have
evolved from family 1 stefins, which lack cysteine
residues, acquiring four cysteine residues in the pro-
cess (Brown & Dziegielewska, 1997; Müller-Esterl et
al., 1985; Rawlings & Barrett, 1990). With the view
that disulphide bonds are gained but seldom lost dur-
ing evolution, nematode cystatins appear to be a fixed
intermediate in this evolution.

Within the set of nematode cystatins, however, three
evolutionary subgroups can be defined (Fig. 3). The most
diverse are represented by Bm-CPI-1, which lacks an
evolutionarily conserved glycine residue near the N-
terminus. This small group (including also Bm-CPI-3
and Ov-CPI-1, the latter retaining the glycine residue),
are not represented in C. elegans. As further complete
genomes become available (including H. contortus), it
will be interesting to see if this group remains restricted
to vector-borne parasites.

The second subgroup is the most conventional,

encoding cystatins relatively similar to the vertebrate
homologues other than in the single disulphide bond.
Functional studies on recombinant cystatins from C. ele-
gans (Murray et al., 2005; Schierack et al., 2003), as
Biochemistry & Cell Biology 40 (2008) 1389–1398

well as N. brasiIiensis (Dainichi et al., 2001), demon-
strate that this group encodes functional inhibitors of
cathepsin S and L, respectively.

Finally, perhaps the most intriguing subgroup is that
typified by Bm-CPI-2 and Ov-CPI-2, onchocystatin.
These inhibitors include an AEP-inhibitory site, in a
possible example of convergent evolution, in which the
nematode cystatins have acquired a site similar to that
evolved in vertebrate cystatin C in order to control AEPs.
Moreover, this family are all characterized by an N-
terminal extension not observed in any other cystatin
sequences; whether this extension plays an active role
in the biology of parasite inhibitors remains to be deter-
mined.

2. Conclusion

The cystatins are an ancient and conserved family of
cysteine protease inhibitors, and their expression among
diverse nematode species is not unexpected. It is curi-
ous, however, that cystatins are such prominent gene
products among parasitic nematodes, and that they have
evolved features quite distinct from C. elegans, suggest-
ing that cystatins play an essential role in transmission,
invasion, and/or immune evasion (Hartmann & Lucius,
2003; Maizels, Gomez-Escobar et al., 2001). Several
key features, including the intron conservation between
highly divergent cpi-1 and cpi-2 genes, and the appear-
ance of an AEP inhibitory site in cpi-2 genes, indicate
that the filarial cystatins, at least, have been subject to
rapid evolutionary change since their divergence from a
common ancestor with C. elegans. Future work will aim
at defining the extent to which such changes represent
evolutionary adaptations to the parasitic way of life in
the arthropod vector or mammalian host.
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läger, S. L., Hagen, H.-E., & Bradley, J. E. (1999). Effects of an

Onchocerca-derived cysteine protease inhibitor on microfilariae in
their simuliid vector. Parasitology, 118, 305–310.
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