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The calgranulins are a family of calcium- and zinc-binding proteins produced by neutrophils, monocytes, and
other cells. Calgranulins are released during inflammatory responses and have antimicrobial activity. Recent-
ly, one of the calgranulins, human calgranulin C (CaGC), has been implicated as an important component of
the host responses that limit the parasite burden during filarial nematode infections. The goal of this work was
to test the hypothesis that human CaGC has biologic activity against filarial parasites. Brugia malayi micro-
filariae and adults were exposed in vitro to 0.75 to 100 nM recombinant human CaGC. Recombinant CaGC
affected adult and larval parasites in a dose-dependent fashion. Microfilariae were more sensitive to the action
of CaGC than were adult parasites. At high levels, CaGC was both macrofilariacidal and microfilariacidal. At
lower levels, the percentage of parasites killed was dependent on the level of CaGC in the culture system. The
larvae not killed had limited motility. The filariastatic effect of low-level CaGC was reversed when the CaGC
was removed from the culture system. Inmunohistochemical analysis demonstrated that human CaGC accu-
mulated in the cells of the hypodermis-lateral chord of adult and larval parasites. The antifilarial activity of
CaGC was not due to the sequestration of zinc. Thus, the cellular and molecular mechanisms that result in the
production and release of CaGC in humans may play a key role in the regulation of filarial parasite numbers.

Filarial nematodes infect 140 million people worldwide, and
nearly a billion people are at risk of infection (39). The mech-
anisms that induce and maintain the lymphatic, ocular, dermal,
and renal pathology caused by infection with the filarial para-
sites Onchocerca volvulus, Wuchereria bancrofti, and Brugia ma-
layi are poorly defined. In areas of endemic infection, a large
majority of infected individuals maintain long-term chronic
infections that persist for decades. However, there is evidence
from longitudinal epidemiological and immunological surveys
that certain people may develop immunity to parasite chal-
lenge (13, 38, 44). The idea that it is possible to generate a
protective immune response against filarial parasites is sup-
ported by the results of animal experiments (1, 25, 48). Despite
decades of investigation, the exact roles that the adaptive hu-
moral and cellular immune responses play in pathogenesis and
killing of the parasite are still not clear. In vitro, macrophages,
neutrophils, and eosinophils are capable of killing larval par-
asites (7, 9, 23). However, there is no direct evidence that these
cells play a role in killing in vivo. Defining the molecular
mechanisms that mediate killing would be a significant aid in
focusing efforts to develop an effective vaccine.

Although granulocytes have not been assigned a specific role
in killing filarial parasites in vivo, previous studies have asso-
ciated mononuclear infiltrates with adult worms (12, 31, 32).
Also, proteins derived from human neutrophils and macro-
phages are intimately associated with adult parasites (14, 34)
and are deposited adjacent to living adult worms residing in
nodules (12, 14). One of these human granulocyte-derived
proteins, defensin HNP1, is recognized by antibodies in patient
sera and is implicated in playing a role in the hyperreactive
form of onchocerciasis (Sowda) (14). Another human granu-
locyte-derived protein that has been found in parasite extracts
is calgranulin C (CaGC) (34).

CaGC is a member of a family of calcium- and zinc-binding
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proteins that includes calgranulin A (CaGC; also known as
MRP-8), calgranulin B (CaGB; also known as MRP-14) (3),
the S100 proteins of the brain (2), calmodulin (2), and lact-
albumin (36). CaGA, CaGB, and CaGC are expressed in neu-
trophils and monocytes (17). CaGC is also produced by ker-
atocytes in the cornea (18, 22). CaGC makes up between 5 and
8% of the total neutrophil cytosolic protein (11, 47) and is 39%
and 46% identical to CaGA and CaGB at the level of protein
sequence, respectively.

Several studies have demonstrated that the CaGA and
CaGB heterodimer (also known as calprotectin) has antimi-
crobial activity against Candida albicans (43) and a number of
bacterial species (6). The antimicrobial activity of CaGC has
not been tested. Given the association of calgranulins, specif-
ically of CaGC, with filariae, we tested the hypothesis that
CaGC has antifilarial activity. For these experiments, B. malayi
was used as a model filarial parasite. Exposure of B. malayi in
vitro demonstrated that a recombinant form of human CaGC
had a dose-dependent effect on both larvae and adult parasites.
At high concentrations of CaGC, the parasites were killed in as
little as 5 min. At lower concentrations, CaGC was filariastatic,
and this activity was reversible when the CaGC was removed
from the culture system.

MATERIALS AND METHODS

Recombinant human CaGC. The expression and purification of CaGC has
been reported previously (19). Briefly, bacteria containing the pPROEXHT-
CaGC expression plasmid were induced to express the recombinant CaGC with
1 mM isopropyl-B-p-thiogalactoside (IPTG). After 3 h at 37°C, the induced
bacteria were lysed and the soluble form of the histidine-tagged CaGC was
purified on a Ni-nitrilotriacetic acid column (Qiagen, Santa Clarita, Calif.) as
specified by the manufacturer. The recombinant CaGC was specifically eluted
from the column with 100 mM imidazole, dialyzed, and concentrated by ultra-
filtration (UM-3 membrane; Amicon, Beverly, Mass.). The concentration of the
fusion protein was determined with the Bradford protein reagent (Bio-Rad,
Hercules, Calif.). The purity of the CaGC preparation, evaluated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (28) followed by staining with
silver salts, was estimated to be >95%.

CaGC immobilization and killing of adult and microfilarial B. malayi. Micro-
filariae and adults of B. malayi were harvested from the peritoneal cavity of a
chronically infected gerbil by peritoneal lavage (16). After the microfilariaec and
the adults were separated, they were washed and suspended in Dulbecco’s
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TABLE 1. Effect of recombinant human CaGC on the motility
of adult female B. malayi parasites”

Calgranulin C Motility (%) after incubation for following time:

conen (nM) 5 30 60 180
0 (E. coli) 100 100 100 100

0 100 100 100 100
2.5 80 80 60 60
5.0 80 60 30 10
25.0 80 20 10 0
50.0 50 10 0 0
100.0 10 0 0 0

¢ Each test condition was used in duplicate, and the experiment was repeated
three times. Data presented are from a representative experiment.

b The percentage of the 12 adult parasites per treatment group that remained
motile.

modified Eagle’s medium (DMEM) (Life Technologies, Gaithersburg, Md.)
containing 100 U of penicillin (Sigma, St. Louis, Mo.), 100 pg of streptomcin
(Sigma) per ml, 0.25 pg of Fungizone (Life Technologies) per ml, and 1%
glucose. About 50 microfilariae were transferred to the wells of a 96-well plate
containing 200 wl of DMEM. Four adult parasites were place in wells of a 24-well
plate containing 1.0 ml of DMEM. Recombinant CaGC was added to wells to
achieve concentrations ranging from 0.75 to 100 nM. Each CaGC level was tested
in triplicate, and experiments were repeated three times. Control wells contained
parasites in medium only or parasites exposed to saline extracts of Escherichia
coli proteins. The parasites were observed for motility at 5, 15, 30, 60, and 180
min and 18 h of culture. After 18 h, the CaGC-containing medium was removed
and replaced with DMEM containing no CaGC, and the parasites were observed
at 2-h intervals over the next 6 h.

Anti-CaGC. Lewis rats were injected with 50 pg of recombinant CaGC protein
emulsified in an equal volume of complete Freund’s adjuvant (Difco, Detroit,
Mich.). Three weeks later, the rats were challenged with 25 pg of CaGC emul-
sified in incomplete Freund’s adjuvant. Sera were collected 2 weeks after chal-
lenge and pooled. Anti-E. coli antibodies were removed by incubating the sera
with nitrocellulose membranes containing E. coli proteins.

Immunocytochemical analysis. Adults and microfilariae were isolated from
the peritoneal cavity of infected gerbils and washed. After incubation in recom-
binant CaGC (25 nM for 20 min at 37°C), the parasites were fixed for 18 h at 4°C
in 4% paraformaldehyde. Controls included adults and microfilariae incubated
under identical conditions without recombinant CaGC or microfilariae that were
heat killed by exposure to 55°C for 15 min prior to exposure to the CaGC. The
fixed larvae were pelleted by centrifugation, suspended in 30 wul of 1% low-
melting-point agarose at 55°C, quickly transferred to a Beam capsule, and placed
on ice. The worms were embedded in plastic, sectioned at 6 wm, immunostained
as described previously (16), and counterstained with hematoxylin and eosin.

Zinc and CaGC activity. Between 200 and 300 microfilariae were placed in the
wells of a 24-well plate containing 100 ul of DMEM. The larvae were exposed to
50 wg of polyhistidine (18,400 kDa; Sigma) per ml; 20, 5, or 1.5 nM recombinant
human CaGC; or 20, 5, or 1.5 nM His-tagged negative control protein (recom-
binant human endothelial-monocyte activating peptide) (28a). The mixture for
each test condition was incubated with or without 10 pM ZnSO,. The microfi-
lariae were scored at 10, 50, and 150 min of culture and reported as the per-
centage of organisms that remained motile.

RESULTS

Human CaGC is a macrofilaricide and a microfilaricide.
Adult female B. malayi parasites were exposed to recombinant
human CaGC at levels ranging from 2.5 to 100 nM (Table 1).
After 5 min of exposure, there was a dose-dependent effect on
the motility of adult parasites. Although 80% of the adults
exposed to 2.5, 5, and 25 nM CaGC remained motile at 5 min,
the vigor and amplitude of movement were significantly re-
duced for all of the parasites. At 50 and 100 nM CaGC, 50 and
90% ceased their movement, respectively, and the remaining
parasites moved in a sluggish fashion. This effect on worm
movement was enhanced over time, so that by 120 min of
exposure, only worms incubated in 2.5 or 5 nM CaGC were
motile (Table 1). The vigorous movement at all time points of
adult worms incubated in the presence of a saline extract of E.
coli suggested that the macrofilaricidal activity of the human
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CaGC preparation was not due to contamination with a bac-
terium-derived toxin.

At levels as low as 0.75 nM, human CaGC inhibited the
motility of B. malayi microfilariae (Fig. 1). At 5 min of expo-
sure to levels between 1.5 and 25 nM CaGC, there was a
dose-dependent inhibition of larval motility. After 5 min of
exposure at 25 nM, none of the microfilariae showed any sign
of movement. At 12.5 and 25 nM CaGC, the effect on micro-
filarial motility was almost immediate (data not shown). For
0.75, 1.5, and 3 nM, the level of inhibition increased only
slightly between 5 min and 18 h of exposure. At 6 nM CaGC,
the percentage of microfilariae that were motile progressively
decreased over time to ~85% inhibition at 180 min and 100%
inhibition at 18 h. All of the larvae had ceased movement by 30
min of exposure at the highest levels of CaGC. As observed
with the adult parasites, there was no significant inhibition of
motility when the microfilariae were incubated in the presence
of an E. coli extract.

For the results presented in Fig. 1, in order for a parasite to
be scored as nonmotile it had to be completely motionless.
However, it is important to note that the microfilariae exposed
to CaGC between 3 and 12.5 nM and scored as motile did not
demonstrate the rapid twisting movement of the control ani-
mals. These microfilariae took on a rod-like morphology, with
movement restricted to a weak flexing of the head and tail or
a slow bending at midbody (data not shown).

This altered motility phenotype suggested that it was possi-
ble that CaGC was acting as a microfilariastatic agent. To test
this idea, microfilariae incubated for 18 h were washed exten-
sively to remove the CaGC from the system and then replated
in CaGC-free medium. For levels of CaGC of 6 nM and lower,
a percentage of the parasites regained their motility (Fig. 1).
None of the larvae incubated with 12.5 or 25 nM CaGC for
18 h regained their motility. A similar concentration-depen-
dent ability to rescue motility was seen for adult parasites (data
not shown).
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FIG. 1. Human CaGC is filariacidal and filariastatic to B. malayi microfi-
lariae. Fifty B. malayi microfilariac were placed in culture and exposed to re-
combinant human CaGC at levels from 25 to 0.75 nM. In addition, parasites were
incubated in medium with no human CaGC or in medium containing a crude
extract of E. coli. The microfilariae were scored for motility at various times
through 18 h of culture. At 18 h, the CaGC-containing medium was removed
from the wells and replaced with fresh medium with no CaGC. The parasites
were again scored for motility at 2-h intervals for an additional 6 h of culture. The
data were expressed as the percentage of microfilariae that remained motile.
Each datum point is the mean of triplicate readings for each test condition. The
data are presented from a single representative experiment that was repeated
three times.
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FIG. 2. Immunolocalization of CaGC in adult female B. malayi parasites
exposed to 25 nM recombinant human CaGC (A and C) or medium without
CaGC (B) for 20 min. After exposure, the adult parasites were fixed, processed
for plastic embedding, sectioned, incubated with a rat anti-human CaG, and
counterstained with hematoxylin and eosin as outlined in Materials and Meth-
ods. Immunostaining was restricted to the hypodermis-lateral chord. Additional
negative controls included incubation of tissue sections from test and control
parasites with normal rat serum, an irrelevant antibody (rat anti-human serum
albumin), or no antibody (conjugate control). The results from all of the negative
control reactions were negative (data not shown). U, uterus.

Therefore, it appears that human CaGC can be both filari-
acidal and filariastatic, depending on the concentration of
CaGC used and the time of exposure.

CaGC localizes to the hypodermis-lateral chord. Immuno-
cytochemical staining of adult female B. malayi parasites after
a 20-min exposure to 25 nM recombinant human CaGC dem-
onstrated that CaGC accumulated in the hypodermal-lateral
chord cells (Fig. 2A and C). In contrast, control worms, incu-
bated under identical conditions without CaGC, had no stain-
ing (Fig. 2B). There was no evidence that CaGC was associated
with the surface of the parasite.

Microfilariae exposed to 25 nM CaGC for 20 min stained
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positive for CaGC at or near the surface (Fig. 3B and D). It
was not possible to determine if CaGC localization was re-
stricted to the hypodermis, as seen in the adults. Microfilariae
killed by heat (Fig. 3C), sodium azide, or nitric oxide (data not
shown) prior to exposure to CaGC had only trace amounts of
CaGC uptake (Fig. 3C), suggesting that the CaGC uptake by
microfilariae may be dependent on worm metabolism. There
was no staining of larvae incubated under the same conditions
without CaGC (Fig. 3A).

Zinc does not inhibit the microfilariacidal activity of CaGC.
The calgranulins are both calcium- and zinc-binding proteins
(10, 30). Several reports strongly link zinc binding to the anti-
microbial activity of calprotectin (10, 30, 43). In addition,
Loomans et al. (30) have demonstrated that polyhistidine,
which can also bind zinc, can act as an antimicrobial agent.
Because the recombinant CaGC used in these studies had a
zinc-binding motif at the C terminus of the protein and carried
a polyhistidine tag, it was important to determine if the filari-
acidal and filariastatic properties of recombinant CaGC were
mediated by zinc binding.

Microfilariae were exposed to 20, 5, or 1.5 nM CaGC in the
presence or absence of 10 wM zinc for up to 150 min (data not
shown). Under these in vitro conditions, zinc did not change
the ability of recombinant human CaGC to inhibit microfilarial
motility in a dose-dependent fashion. In addition, the presence
of polyhistidine or polyhistidine plus 10 wM zinc did not effect
microfilarial motility (data not shown). The use of recombinant
EMAP, a histidine-tagged protein with a mass and charge
similar to CaGC, also did not significantly effect microfilarial
motility. These results indicate that the filariacidal and filari-
astatic activity of CaGC is not mediated by zinc.

DISCUSSION

Filarial nematodes present a formidable challenge to the
immune system. In addition to their size and constant move-
ment, a majority of their cellular components are protected by
a thick (~2- to 4-nm) and dense acellular matrix, the cuticle,
composed mainly of highly cross-linked collagens (5). The
physical nature of this interface between the parasite and the
host appears to restrict the options that the immune system has
for the control of parasite numbers. It is thought that antibody-
dependent cellular cytotoxicity leading to the generation and
release of toxic molecules by granulocytes (7, 23) and the
generation of nitric oxide by lymphokine-activated cells (40, 45,
46) are the main mechanisms used by the host to eliminate
adult and larval parasites.

The results presented here on the nematoxic and nemastatic
activity of CaGC, a protein released by neutrophils and mono-
cytes, support the idea that granulocytes can play a role in the
elimination of filarial parasites in vivo. CaGC at two levels
affected filarial parasites. At high levels, CaGC killed both
adult parasites and microfilariae. At lower levels, it signifi-
cantly reduced the motility of the parasites. The filariastatic
effect was in part reversible when the CaGC was removed. This
concentration-dependent effect on filariae was similar to the
activity reported for calprotectin (the CaGA-CaGB hetero-
dimer) in its killing and inhibitory activity on yeast and bacteria
(6) and mimicked the recovery of filarial larvae from the static
effect of low levels of nitric oxide (45).

The mechanism through which CaGC exerts its filariacidal
and filariastatic activity is not known. CaGC, like CaGA and
CaGB, has two calcium-binding motifs and a single zinc-bind-
ing motif (11, 34). The positions and spacing of these cation-
binding motifs are conserved within the calgranulins. CaGC
binds both calcium and zinc ions (11). However, in contrast to
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FIG. 3. Immunolocalization of CaGC in B. malayi microfilariae exposed to 25 nM recombinant human CaGC (B and D) or medium without CaGC (A) for 20 min.
After exposure, the microfilariae were fixed, processed for plastic embedding, sectioned, incubated with a rat anti-human CaG, and counterstained with hematoxylin
and eosin as outlined in Materials and Methods. As an additional control, microfilariae were also heat killed prior to exposure to CaGC (C). In addition, sections of
test and control parasites were reacted with normal rat serum, an irrelevant antibody (rat anti-human serum albumin), or no antibody (conjugate control). All of these

controls were uniformly negative (data not shown).

the CaGA-CaGB heterodimer, where zinc binding appears to
be key to its antimicrobial activity (10, 30, 43), the results
presented here suggest that zinc is not involved in the mech-
anism of CaGC action of filarial parasites.

CaGC has several structural similarities to and appears to
be coregulated with CaGA and CaGB in granulocytes (11).
Therefore, it is possible that the mechanism of action of CaGC
on filarial parasites can be extrapolated from the roles ascribed
to CaGA and CaGB in the cell biology of granulocytes. Recent
studies have demonstrated that CaGA and CaGB participate
in calcium-dependent interactions between cytoskeletal pro-
teins and cell membranes in neutrophils (24), monocytes (42)
and epithelial cells (17) that result in changes in cell shape and
motility. Indeed, the action of CaGA and CaGB on granulo-
cyte motility led to their initial designation as migration inhib-
itory factor-related proteins, MRP-8 and MRP-14, respec-
tively. The CaGA and CaGB heterodimer has also been shown
to modulate kinase activity (37), inhibit cell growth (37), and
induce apoptosis (49). It may be that CaGC interacts with
important cytoskeletal components or regulatory proteins in
the parasite and that this results in the inhibition of normal cell
and tissue function. The association of CaGC with the cells of
the hypodermis-lateral chord of Brugia (Fig. 2) localizes CaGC
to a cellular compartment known to be important in the syn-
thesis and maintenance of multiple systems in nematodes (4).
Identifying the parasite-derived molecules that interact with or
are regulated by CaGC may provide a new class of potent drug
targets.

The results of the immunohistochemical staining demon-

strated that after a 20-min incubation in vitro, CaGC localizes
in the cells of the hypodermis-lateral chord. These findings are
consistent with the results of Marti et al. (34), who described
the isolation of host-derived CaGC from crude extracts of O.
volvulus adults. The results are also consistent with the immu-
nocytochemical observations of Edgeworth et al., who reported
that high levels of CaGA and CaGB surround nodule-bound
adult O. volvulus and that calgranulin protein was associated
with the external layers of adult parasites and microfilariae
(12).

The association of CaGC with a destructive corneal disease,
Mooren’s ulcer, raises the possibility that CaGC plays a role in
filaria-induced pathology. Mooren’s ulcer is an ulcerative dis-
ease of the peripheral cornea that is believed to have an au-
toimmune etiology (17, 19). Patients with Mooren’s ulcer have
autoantibodies against a cornea-associated antigen (20, 21).
This antigen has been purified from corneal extracts, se-
quenced, and found to be identical to CaGC (20, 21, 29). The
expression of CaGC in corneal keratocytes is up regulated by
the proinflammatory cytokines tumor necrosis factor alpha and
interleukin-1 and is believed to be one of the self antigens that
mediate Mooren’s ulcer formation (18). It is interesting to
speculate that CaGC may play a role in mediating certain
aspects of the chronic pathology associated with filarial infec-
tions. Onchocercal keratitis, or river blindness, is related to
corneal invasion by microfilariae. When the microfilariae die in
the cornea, they incite an inflammatory response (15, 41). The
long-term consequence of this corneal exposure to parasites is
the development of punctate keratitis and progressive scleros-
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ing keratitis, which, like the pathology in the posterior chamber
of the eye (8, 35), may have an autoimmune component to
their etiology (8, 35). The association of CaGC with two de-
structive corneal diseases, Mooren’s ulcer and onchocerciasis,
combined with the observations that Mooren’s ulcer has been
associated with filarial infections in India and Nigeria (26, 27,
33), implicates CaGC as a target for autoimmune responses
that lead to corneal disease.

The constant movement exhibited by filariae is likely to be
one of the important mechanisms used by nematodes to avoid
attack by the host immune response. The vigorous movement
exhibited by filarial parasites in the mammalian host prevents
cognate interactions between the parasite and immune effector
cells, so that toxic molecules cannot be delivered at close
range, and, for certain stages, allows the parasite to move away
from toxic environments. In addition to its nematoxic activity,
CaGC may contribute to killing by immobilizing parasites so
that cells of the immune system can deliver a lethal blow. In
this regard, the ability of cells in the cornea to produce CaGC
during inflammatory responses (18) may actually be detrimen-
tal to the host during an onchocercal infection. Although On-
chocerca microfilariae are freely mobile in the eye, larvae that
enter the cornea are immobilized and incite a localized inflam-
matory response (15, 41). Ridley reported that in examining
some 1,000 patients with onchocerciasis, only 1 patient had a
motile worm in the cornea (41). CaGC-mediated microfilarial
immobilization in the cornea may be an important component
of the pathogenesis of onchocerciasis.
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