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Abstract

Protective innate immunity to the nematode Strongyloides
stercoralis requires eosinophils in the parasite killing process.
Experiments were performed to determine if an extract of S.
stercoralis would trigger eosinophil chemotaxis, and to then
compare the chemotactic migration response, including
second messenger signals and receptors, to those mecha-
nisms triggered by host chemoattractants. Eosinophils un-
dergo both chemotaxis and chemokinesis to soluble para-
site extract in transwell plates. Pretreatment of eosinophils
with pertussis toxin, a G protein-coupled receptor inhibitor,
inhibited migration of the eosinophils to the parasite ex-
tract. Likewise, blocking PI3K, tyrosine kinase, p38 and
p44/42 inhibited eosinophil chemotaxis to parasite extract.
Furthermore, CCR3, CXCR4 or CXCR2 antagonists significant-
ly inhibited eosinophil chemotaxis to the parasite extract.
Molecular weight fractionation of parasite extract revealed
that molecules attracting eosinophils were present in sev-
eral fractions, with molecules greater than 30 kDa being the
most potent. Treating the extract with proteinase K or chitin-
ase significantly inhibited its ability to induce chemotaxis,

thereby demonstrating that the chemoattractants were
both protein and chitin. Therefore, chemoattractants de-
rived from parasites and host species stimulate similar re-
ceptors and second messenger signals to induce eosinophil
chemotaxis. Parasite extract stimulates multiple receptors
on the eosinophil surface, which ensures a robust innate im-
mune response to the parasite.

Copyright © 2009 S. Karger AG, Basel

Introduction

Chemokines are derived from heterogeneous sources
and direct leukocytes to sites of inflammation. Over 50
chemokines have been identified in humans and are
characterized as small proteins ranging in size from 8 to
10 kDa [1, 2]. Eosinophilia is strongly linked with para-
sitic infections [3, 4] and eosinophils have been identified
as effector-killing cells controlling various nematodes [5,
6] including Strongyloides stercoralis [7]. In humans, der-
mal expression of both eotaxin/CCL11 and RANTES/
CCL5 correlates with the numbers of dermal eosinophils
associated with the early phases of Onchocerca volvulus
infection, suggesting the importance of host expressed
chemokines in directing this response [8, 9]. The impor-
tance of chemokines is underscored by the fact that eo-
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taxin-1/CCL11 knockout mice exhibit decreased eosino-
phil tissue influx and an inability to clear infection with
Brugia malayi microfilariae [10]. However, eosinophil
migration to the intestine is decreased but not absent in
eotaxin/CCL11 knockout mice infected with Trichinella
spiralis and Trichuris muris [11]. Production of chemoat-
tractant molecules by the parasites could explain the
presence of eosinophils in the infected tissues of mice
with attenuated chemokine expression.

Numerous studies have demonstrated that various
parasites synthesize molecules with the capacity to at-
tract leukocytes, and products triggering eosinophil che-
motaxis have been isolated from parasitic nematodes [12,
13]. Compared to the relatively uniform structure of
mammalian chemokines, chemoattractants derived from
parasites are a more biochemically diverse collection of
molecules. These chemoattractants range in size from 5
to 40 kDa [14, 15], and have been identified as both pro-
teins and nonproteins [14, 16-18].

Eosinophil migration can be stimulated in either a
chemokinetic (random) or chemotactic (directed) fash-
ion after binding their ligands. Chemotaxis typically re-
quires the stimulation of 7 transmembrane pertussis tox-
in (PTX)-sensitive G protein-coupled chemokine recep-
tors (GPCR) [19-21]. Different chemokine receptors are
expressed in eosinophils associated with particular dis-
ease states. CCR3 has been described as the dominant
receptor in eosinophils in models of allergy [22-25].
CXCR2 is expressed in human eosinophils after priming
with IL-5 [23] and is a receptor for B. malay-derived che-
moattractant molecules [16]. At sites of inflammation,
eosinophil CXCR4 expression is increased, while CCR3
is decreased [24, 26].

Once stimulated by its ligand, a GPCR must induce
second messenger signals to provoke a chemotactic re-
sponse. Stimulation of chemokine receptors induces the
dissociation of a heterotrimeric G protein into Ga and
G+ subunits, which in turn regulate multiple second
messenger signals [27]. Subsequent second messenger
pathways include tyrosine kinases [28] and phos-
phoinositide 3-kinase (PI3K). These products can stimu-
late other second messengers including protein kinase B,
protein kinase C and GTP-binding Rac. Mitogen-activat-
ed protein kinases (MAPK) integrate these intracellular
messages [29]. Of the 6 MAPK families, p38 and p44/42
(ERK1/ERK2) factor significantly in eotaxin/CCL11
stimulation of eosinophils [30, 31]. Eotaxin/CCL11-trig-
gered eosinophil chemotaxis is mediated through both
p38 and p44 [30], whilst mast cell chymase [32], SDF-1a/
CXCL12 [33] or fMLP [34] do not utilize p38 to stimulate
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eosinophil migration. Furthermore, SDF-10/CXCL12
utilizes p44/42 for intracellular signaling [33].

Eosinophils are involved in the innate immune re-
sponse to S. stercoralis [7] and migration to sites of nem-
atode infection persists even with attenuated host che-
mokines [11]. Experiments were performed to deter-
mine if a soluble extract from S. stercoralis triggers
eosinophil chemotaxis and to then compare the migra-
tion response, including second messenger signals and
receptors, to those mechanisms triggered by host che-
moattractants.

Materials and Methods

Reagents

Recombinant mouse IL-5 was purchased from BD Biosciences
(San Jose, Calif. USA). The chemokines mouse eotaxin/CCL11
and SDF-1a3/CXCL12 were purchased from Sigma Chemical Co.
(St. Louis, Mo., USA.) and MIP-2/CXCL2 was purchased from
PeproTech (RockyHill,N.J., USA). N-[2-hydroxyethyl]piperazine-
N-[2-ethanesulfonic acid] (HEPES), piperazine-N,N-bis[2-eth-
ane-sulfonic acid] (PIPES), ethylenediaminetetraacetic acid
(EDTA), ethylene glycol-bis[2-aminoethyl ether]tetraacetic acid
(EGTA), Percoll and glucose were purchased from Sigma Chemi-
cal Co. Fetal bovine serum (FBS), Hank’s balanced salt solution,
and Dulbecco’s phosphate-buffered saline (PBS) were purchased
from Mediatech (Herndon, Va., USA). Anti-B220 and Thyl.2 an-
tibody-conjugated magnetic beads were purchased from Miltenyi
Biotech (Auburn, Calif., USA). Bordetella PTX and SB202190,
ap38inhibitor, were purchased from Calbiochem Inc. (San Diego,
Calif., USA) Wortmannin, a PI3K inhibitor, and herbimycin A, a
tyrosine kinase inhibitor, were purchased from Sigma Chemical
Co. The MEK kinase inhibitor, PD98059, was purchased from
Biosource International Inc., (Camarillo, Calif., USA). SB222200,
a neurokinin (NK)3 Receptor antagonist, was procured from
Tocris Bioscience (Ellisville, Mo., USA). SB328437, a CCR3 an-
tagonist, and SB225002, a CXCR2 antagonist, were purchased
from Calbiochem. The CXCR4 antagonist, AMD 3100, was pur-
chased from Sigma Chemical Co. The digestive enzymes, protein-
ase K from Tritirachium album and chitinase from Serratia marc-
escens were purchased from Sigma Chemical Co.

Animals

IL-5 transgenic mice of the NJ.1638 line [35] were bred at the
Thomas Jefferson University Laboratory Animal Sciences Facil-
ity. Experiments were conducted using eosinophils recovered
from mice at 4-6 months of age. Mice were housed at the Thom-
as Jefferson University Laboratory Animal Sciences Facility in
microisolator boxes with ambient temperature and light continu-
ously controlled.

Parasites

Third-stage infective larvae (L3) were isolated from the stool
of laboratory dogs infected with S. stercoralis according to previ-
ously described methods [36]. Larvae were recovered from char-
coal cultures and washed in a sterile mixture of NCTC-135 and
IMDM (1:1 vol/vol), which was supplemented with 100 U/ml pen-
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icillin (Mediatech), 0.1 mg/ml streptomycin, 0.1 mg/ml gentamy-
cin (Gibco Lifesciences, Rockville, Md., USA) and 0.25 mg/ml
Levaquin (Ortho-McNeil, Raritan, N.J., USA).

Preparation of S. stercoralis Protein Extract

S. stercoralis L3 were washed using an agar cleaning method.
Worms were mixed in a 1:1 mixture of PBS and 2.0% agarose
(Sigma Chemical Co.). The agarose mixture was allowed to so-
lidify on the bottom of a Petri dish and then covered with PBS
containing the previously described antibiotics. The worms that
migrate into the PBS were collected and killed by 2 successive
freeze-thaw cycles between room temperature and -20°C. To
suppress proteolysis, a protease inhibitor cocktail (product num-
ber P2714; Sigma Chemical Co.) was added to the mixture. Worms
were homogenized, sonicated and then incubated overnight with
PBS at 4°C in a rotating shaker. The PBS soluble supernatant was
removed, filter sterilized (0.2 pwm membrane) and stored at
-80°C. Endotoxin levels in the extract were determined using
a Limulus amebocyte lysate test (Cambrex, Charles City, Iowa,
USA) and lipopolysaccharide (LPS) was removed by pre-incuba-
tion of the parasite extract in polymyxin B (Sigma Chemical
Co.).

Isolation of Spleen Eosinophils from IL-5 Transgenic Mice

IL-5 transgenic mice were anesthetized with isoflurane (Web-
ster Veterinary, Sterling, Mass., USA) and killed by exsanguina-
tion. The spleen was aseptically removed and then homogenized
in 2.0% FBS/PBS using a sterile glass homogenizer. The homog-
enate was run through a 70-pwm nylon cell strainer and layered
onto a Percoll E column (Sigma). After centrifugation, the buffy
coat was removed and resuspended in 2% FBS/PBS. The resulting
suspension was recentrifuged and hypotonic red blood cell lysis
was performed.

To remove contaminating cells, magnetic cell sorting columns
(Miltenyi Biotec) were used. The cells were incubated with manu-
facturer-supplied antibodies coupled to microbeads (anti-B220,
to remove B cells; anti-Thyl.2, to remove T cells; 10 pl of antibody/
107cells) at 4°C for 45 min. The samples were then washed twice
in 2% FBS/PBS. The pellet was resuspended in FBS/PBS and ap-
plied to the magnetic cell sorting column, and cells were collected
in the effluent. The cells were resuspended in RPMI with no ad-
ditives. The cells were then stained with erythrocin B to ensure
>90% viability, and DiffQuik (Baxter Healthcare, Miami, Fla.,
USA) to ensure >90% purity, with the contaminating cells con-
sisting of 1-2% neutrophils, 2-4% macrophages and 1-2% lym-
phocytes.

Eosinophil Migration Assay

Eosinophil migration in response to the PBS-soluble S. sterco-
ralis extract was measured using Corning Costar 6.5-mm trans-
well plates with 3.0-pwm pore polycarbonate membranes. Mem-
branes and wells were preincubated with 100 w1l 2% FBS for 1 h at
room temperature. Eosinophils from the spleens of IL-5 trans-
genic mice (=90% purity) suspended in RPMI (100 wl; 1.0 x 10*
cells/pl) and IL-5 in 2% FBS (50 wl; 30 ng/ml) [37, 38] were added
to the upper wells. S. stercoralis extract (200 p.1; 0.001-1.00 pg/pl),
negative controls, FBS (200 .l 2%), positive controls, mouse eo-
taxin/CCL11 (80 ng/ml), SDF-1 a3/CXCL12 (400 ng/ml) or MIP-
2/CXCL2 (50 ng/ml) were added to lower wells. The assay was
then incubated for 90 min at 37°C. Chemoattractant doses were
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chosen so that at baseline, statistically equivalent numbers of un-
treated eosinophils migrated in each series of experiments.

Following incubation, the upper membranes were removed
and cell-containing media in the lower wells was pipetted into
microcentrifuge tubes. PIPES buffer (250 l) was added to each
lower well to collect any remaining cells. Samples were centri-
fuged for 5 min at 4°C and the cells counted using a hemocyto-
meter. The effect of a given chemoattractant was calculated as the
fold increase in eosinophil migration to the chemoattractant as
compared to 2% FBS. The effect of second messenger inhibitors
and receptor antagonists were determined by calculating the
number of treated eosinophils migrating as a percent of the num-
ber of untreated eosinophils migrating to the same stimulus mi-
nus background migration to 2% FBS.

Zigmond-Hirsch Checkerboard Assay

To distinguish between eosinophil chemotaxis and chemoki-
nesis, checkerboard assays were performed as described previ-
ously [39]. Serial doses of extract (0.01-1.0 mg/ml total protein)
were added to the top and bottom wells of transwell plates. The
effect of different concentrations of extract in the top and bottom
well was measured as the ratio of the number of eosinophils mi-
grating in the presence of extract to the number of eosinophils
migrating with only 2% FBS.

The Effect of Second-Messenger Signal Inhibitors on

Eosinophil Migration

To examine the second messenger pathways involved in me-
diating eosinophil migration in response to extract, inhibitors of
various signaling molecules involved in eosinophil chemotaxis
were used. Eosinophils were pretreated with PTX (10-1,000 ng/
ml) for 1 hat37°Cand the resulting chemotaxis to eotaxin/CCL11
or S. stercoralis was measured to determine if migration was trig-
gered through a Goy; GPCR. Eosinophils were preincubated for
1 h in the presence of the PI3K inhibitor, wortmannin (1 x 107
to 1 X 1077 M), the tyrosine kinase inhibitor, herbimycin A (1 X
108 to 1 x 107° M), the p38 inhibitor, SB202190 (1 X 107 to 1 X
10~° M) or the p44/42 inhibitor PD98059 (1 X 10%to 1 X 107 M).
After pretreatment, eosinophils were placed in the top well of the
transwell pate and the eosinophil migration assay to eotaxin/
CCL11, SDF-1a/CXCLI12 and the S. stercoralis extract was deter-
mined as described above.

Effect of Chemokine Receptor Antagonists on Eosinophil

Migration

Eosinophils were pretreated with chemokine receptor antago-
nists to determine the chemokine receptors stimulated by the S.
stercoralis extract. Cells were pretreated with varying doses of the
CCR3 antagonist, SB328437(1 X 107 to 1 X 107> M), the CXCR4
antagonist, AMD3100 (4 X 107! to4 X 1078 M), and the CXCR2
antagonist, SB225002 (1 x 107 to 1 X 10 = M), for 1 h at 37° C.
Eosinophils were placed in the top well of the transwell plate and
migration to the S. stercoralis extract and positive as well as nega-
tive controls was calculated as described above. Migration to eo-
taxin/CCL11 (80 ng/ml) was used as a positive control for the
CCR3 antagonist, and as the negative control for all other antago-
nists. Eosinophil migration to SDF-1a3/CXCL12 (400 ng/ml) was
a positive control for the CXCR4 antagonist and MIP-2/CXCL2
(50 ng/ml) for the CXCR2 antagonist.
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Table 1. Chemotactic and chemokinetic activity induced by S.
stercoralis extract (S. stercoralis extract was added to the upper
and lower wells of Costar transwell plates)

Lower wells ~ Upper Wells

Control 0.01 0.1 1.0
Control 1 1.2%0.1 1.8x0.4 3.6%1.0
0.01 14%x1.0 1.5%£0.2 31x1.0 3.1x05
0.1 1.6%£0.3 27%18 19104 50x13
1.0 64%1.6 35%1.0 52%13 3.9%0.7

In addition to the extract, 1 X 10° eosinophils and 30 ng/ml
IL-5 were added to the upper chambers. Eosinophil chemotaxis
(directed migration) was evaluated with increasing concentration
of the S. stercoralis extract, represented in the columns. Chemo-
kinesis (nondirected migration), represented on the diagonal, was
measured by equivalent doses of the S. stercoralis extract in the
top and bottom wells. Numbers presented are mean fold increase
in eosinophil migration compared to the control across 4 experi-
ments * standard error of the mean.

To confirm that any reduction in migration is due to specific
receptor inhibition by the antagonist, we tested the effect of a
chemically similar antagonist to a receptor, which was deter-
mined to have a negligible effect on eosinophil migration [40]. To
do this, we measured the effect of eosinophil migration to eotax-
in/CCL11 and the extract after incubation with an NK3 antago-
nist, SB222200 (1 X 10 to 1 X 1072 M).

Fractionation of the Extract according to Molecular Weight

S. stercoralis extract was fractionated according to molecular
weight by passing the extract through a sequence of centrifugal
filters (Millipore, Bedford, Mass., USA) with different molecular
weight cutoffs. The extract was first passed through a column
with a 30-kDa cutoff, the effluent was then passed through a 10-
kDa filter, and the subsequent effluent was then passed through
a 3-kDa filter. This process yielded fractions containing mole-
cules in the following ranges: <3 kDa, 3-10 kDa, 10-30 kDa and
>30 kDa. Concentration of each fraction was normalized to 1 mg/
ml of total protein.

Biochemical Modification of the Extract

Three treatments were used to characterize the biochemical
constituents of the chemotactic component of the S. stercoralis
extract. (1) Aliquots were boiled in a water bath for 10 min before
testing in the chemotaxis assay. (2) The activity of the protein
component was determined by treating the extract with 30 U/mg
of proteinase K, a nonspecific proteinase, for 2 h at 37°C followed
by enzyme inactivation by boiling for 10 min. (3) To determine if
chitin from S. stercoralis was required for chemotaxis, extract was
treated with 100 pl of 5 X 1073 U/ml chitinase for 2 h at 37°C.

Statistics
Statistical analysis of the data was performed using multivar-
iate general linear hypothesis multifactorial ANOVA with Systat
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version 11 software (Systat, Evanston, Ill. USA). Fisher’s least sig-
nificant difference test was performed for post hoc analyses.
Probability values of p < 0.05 were considered significant. Dose-
response experiments demonstrating migration in response to
the extract were calculated as the ratio of cells migrating to che-
moattractant to the number of cells migrating to 2% FBS control
[fold increase in migration = number of eosinophils migrating to
stimuli X (number of eosinophils migrating to 2% FBS)!]. The
effect of various intracellular inhibitors and receptor antagonists
was evaluated by measuring the percent inhibition when com-
pared to untreated cells. Inhibition assays are presented as the
percent decrease in migration of treated eosinophils to the che-
moattractant minus the migration of treated eosinophils to 2%
FBS compared to the number of untreated eosinophils to che-
moattractant minus the number of untreated eosinophils to 2%
FBS. Percent inhibition = 100 X [(number of untreated eosino-
phils migrating to chemoattractant - number of untreated eo-
sinophils migrating to control) - (number of treated eosinophils
migrating to chemoattractant — number of treated eosinophils
migrating to control)] X (number of untreated eosinophils mi-
grating to chemoattractant — number of untreated eosinophils
migrating to control)~!. Experiments were repeated 4-6 times and
the data presented are means * standard error of the mean.

Results

Soluble Parasite Extract Induces Eosinophil

Chemotaxis

Eosinophils exhibited a 6.4 * 1.6 fold increase in mi-
gration above control when 1 mg/ml of S. stercoralis ex-
tract was used in the transwell analysis. This correspond-
ed to a migration of 27 + 5 X 10° cells in response to the
parasite extract as compared to 5 * 2 X 103 cells in the
control wells. Eosinophil migration was not significantly
greater than in the control when concentrations less than
1 mg/ml of extract were tested (table 1). Zigmond-Hirsch
checkerboard analysis was performed to determine if the
parasite extract induced chemotactic (directed toward a
chemical gradient) or chemokinetic (random) migration.
Serial dilutions of extract were added to the top and bot-
tom wells of transwell plates. Eosinophil chemotaxis was
determined as increasing migration in response to in-
creasing dose of extract in the lower wells in the transwell
plate. Chemokinetic effects were measured when there
were equal doses of extract in top and bottom wells. The
maximal chemokinetic effect was observed with 21 =+
10 X 10° migrating cells with 1 mg/ml of extract in the
top and bottom wells, corresponding to 3.9 = 0.7 fold
increase in migration over control (table 1). Cells used
in the chemotaxis studies were greater than 90% pure
eosinophils. The cells that migrated through the mem-
branes were stained and differentials performed to deter-
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Fig. 1. S. stercoralis extract stimulates eosinophil migration
through Goa; GPCR. 1 X 10° eosinophils were added with 30 ng/
ml IL-5 to the upper chambers of a transwell plate. Chemotaxis
was stimulated with either eotaxin/CCL11 (80 ng/ml) or S. ster-
coralis extract (1 mg/ml) in the lower wells. Eosinophils were pre-
incubated with increasing doses of Bordetella PTX (0-1,000 ng/
ml). Data are presented as percentage of migration in relation to
untreated control (100%). Bars represent the mean percentage
over 4 experiments * standard error of the mean. Numbers
above control bars indicate the raw number of untreated migrated
cells (arithmetic mean * standard error of the mean X10° mi-
grated cells). * p < 0.05.

mine if the cells that underwent chemotaxis were eosino-
phils or the contaminating cells. It was determined that
100% of the cells that migrated through the membranes
in response to the parasite extract were eosinophils.
Therefore, S. stercoralis extract stimulates eosinophil
chemotaxis with some effect on chemokinetic activity.

Using a Limulus amebocyte lysate test, 0.1 ng/ml of
LPS was present in the S. stercoralis extract. However, no
chemotaxis of eosinophils was observed in response to
LPS at concentrations one log;, above and below that
present in the S. stercoralis extract. Furthermore, pre-
treating the parasite extract with polymyxin B to block
the effects of active lipid A component of LPS did not di-
minish eosinophil migration to the extract (data not
shown). Thus, the observed eosinophil migration is due
to the effect of the parasite extract and not attributable to
LPS.

S. stercoralis Extract Stimulates Eosinophil

Migration through Ga;; GPCR

Eosinophils were preincubated with increasing doses
of the Gy inhibitor, PTX, to determine if the S. stercora-
lis extract uses the Go;; GPCR to generate eosinophil mi-
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gration. The effect of PTX was calculated as the percent
reduction in eosinophil migration of treated cells com-
pared to untreated cells. Pretreatment with PTX signifi-
cantly inhibited eosinophil chemotaxis in a dose-re-
sponse fashion to both the parasite extract and the
control eotaxin/CCL11. The highest dose of PTX tested
inhibited chemotaxis to eotaxin/CCL11 by 86% and to
extract by 88% (fig. 1). Therefore, parasite extract acti-
vates eosinophil chemotaxis by stimulating 1 or more
Gay-coupled receptors.

S. stercoralis Extract Signals Eosinophil Chemotaxis
Using PI3K and Tyrosine Kinase as Second Messenger
Signals

To gain insight into the second messenger signals
stimulated by the extract, eosinophils were pretreated
with agents to block second messengers known to be im-
portant for eosinophil chemotaxis. Eosinophils were pre-
treated with the PI3K inhibitor, wortmannin, to deter-
mine the role of PI3K in extract-induced chemotaxis. All
doses of wortmannin significantly inhibited eosinophil
chemotaxis in response to the extract and to the controls
eotaxin/CCL11 and SDF-1a/CXCL12. At the maximum
dose of wortmannin tested, baseline chemotaxis stimu-
lated by eotaxin/CCLI11 was inhibited by 95%, baseline
chemotaxis stimulated by SDF-1a/CXCL12 was inhibited
by 91% and the parasite extract by 95% (fig. 2a).

To determine whether the parasite extract-induced
eosinophil chemotaxis utilized tyrosine kinases, eosino-
phils were pretreated with various doses of the nonspe-
cific tyrosine kinase inhibitor herbimycin A. At all tested
doses, herbimycin A significantly reduced eosinophil
chemotaxis to the control eotaxin/CCL11 by approxi-
mately 71% and to SDF-1a/CXCL12 by approximately
41%. Herbimycin A also significantly inhibited chemo-
taxis in response to the parasite extract, inhibiting base-
line migration by 48-70% in a dose-dependent fashion
(fig. 2b). Therefore, eosinophils migrate to the S. sterco-
ralis extract using both PI3K and tyrosine kinases.

S. stercoralis Extract Utilizes p38 and p42/44 MAPK

as Effector Signals

The MAPK p38 and p42/44 are involved in the chemo-
taxis of many types of cells and each was examined for its
ability to mediate eosinophil chemotaxis stimulated by
the extract. p38 signaling was assessed by treating eosin-
ophils with the p38 inhibitor, SB202190. Blocking p38
significantly inhibited eotaxin/CCL11-triggered eosino-
phil chemotaxis in a dose-response fashion, with a max-
imum of 96% inhibition of migration. Eosinophil migra-
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Fig. 2. S. stercoralis extract stimulates eosinophil chemotaxis us-
ing PI3K and tyrosine kinases. Eosinophils (1 X 10° cells) were
added with IL-5 (30 ng/ml) to the upper chambers of a transwell
plate. Chemotaxis was stimulated by incubation with either eo-
taxin/CCL11 (80 ng/ml), SDF-1a/CXCL12 (400 pg/ml), or S. ster-
coralis extract (1 mg/ml). a Eosinophils were pretreated with the
PI3K inhibitor, wortmannin (I X 10 to 1 X 10~ m). b Eosino-
phils were pretreated with various doses of the nonspecific tyro-

sine kinase inhibitor herbimycin A (1 X 1078to 1 X 107°M). Data
are presented as percentage of migration in relation to untreated
control, represented as 100%. Bars represent the mean percentage
over 4-6 experiments * standard error of the mean. Numbers
above control bars indicate the raw number of untreated migrated
cells (arithmetic mean * standard error of the mean X10° mi-
grated cells). * p < 0.05.
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Fig. 3. Increasing doses of the p38 MAPK cascade inhibitor,
SB202190, and the p42/44 MEK inhibitor, PD98059, inhibited eo-
sinophil chemotaxis. Eosinophils (1 X 106 cells) were added with
IL-5 (30 ng/ml) to the upper chambers of a transwell plate. Che-
motaxis was stimulated by incubation with either eotaxin/CCL11
(80 ng/ml), SDF-1a/CXCL12 (400 pg/ml), or S. stercoralis extract
(1 mg/ml). Blocking p38 with SB202190 (a) and blocking p42/44
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with PD98059 (b) are shown. Data are presented as percentage of
migration in relation to untreated control, represented as 100%.
Bars represent the mean percentage over 5-6 experiments *

standard error of the mean. Numbers above control bars indicate
the raw number of untreated migrated cells (arithmetic mean *

standard error of the mean X 10° migrated cells). * p < 0.05.
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Fig. 4. Effect of blocking chemokine receptors on eosinophil mi-
gration in response to S. stercoralis soluble extract. Eosinophils
(1 x 10°) were added with IL-5 (30 ng/ml) to the upper chambers
of a transwell plate. Chemotaxis was stimulated for 2 h with either
eotaxin/CCLI11 (80 ng/ml), SDF-1a/CXCL12 (400 pg/ml), MIP-
2/CXCL2 (100 ng/ml) or S. stercoralis extract (1 mg/ml) in the
lower wells. a Treatment with the CCR3 antagonist, SB328437.
b Treatment with the CXCR4 antagonist, AMD3100. ¢ Treatment
with the CXCR2 antagonist, SB225002. Data are presented as per-
centage of migration in relation to untreated control, represented
as 100%. These data represent the mean percentage over 5-6 ex-
periments * standard error of the mean. Numbers above control
bars indicate the raw number of untreated migrated cells (arith-
metic mean * standard error of the mean X 10°> migrated cells).
*p<0.05.
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tion to the parasite extract was inhibited in a similar
dose-response fashion, with a maximal inhibition of 82%.
In contrast, blocking p38 with SB202190 did not signifi-
cantly inhibit eosinophil chemotaxis in response to SDF-
la/CXCL12 (fig. 3a).

Eosinophils were pretreated with PD98059 to deter-
mine the role of p42/44 signaling in extract-induced che-
motaxis. Migration to eotaxin/CCL11, SDF-1a/CXCL12
and the parasite extract were significantly inhibited in a
dose-response manner at all concentrations of PD98059.
Maximal inhibition of eosinophil chemotaxis to eotaxin/
CCL11 was 97%, to SDF-1a/CXCL12 65% and to the par-
asite extract 74% (fig. 3b). These data demonstrate that
eosinophil chemotaxis to the parasite extract requires
both p38 and p42/44 MAPK like with eotaxin/CCLI11,
while SDF-1at/CXCL12 stimulation uses only p42/44.

Blocking Specific Chemokine Receptors Inhibits
Eosinophil Chemotaxis in Response to S. stercoralis
Soluble Extract

Chemokine receptor antagonists were used to block
specific PTX-sensitive GPCR. CCR3 has been shown to
have a dominant effect on directing eosinophil chemo-
taxis [23]. Treatment with the CCR3 antagonist, SB328437,
was used to determine its role in extract-activated che-
motaxis. Eosinophil migration to eotaxin/CCL11 was
significantly inhibited by 60% only at the highest tested
dose of SB328437. This antagonist significantly inhibited
eosinophil chemotaxis in response to the parasite extract
at all tested doses, with a maximum 64% reduction of
migration compared to untreated cells. The CCR3 an-
tagonist did not inhibit eosinophil migration provoked
by SDF-1a/CXCL12 at any dose. On the contrary, there
was a significant 87% increase in migration caused by
SDF-1a/CXCL12 with eosinophils pretreated with 1 X
10~ M of inhibitor (fig. 4a).

CXCR4 is an important mediator in directing migra-
tion of several granulocytes, including eosinophils, dur-
ing various states of inflammation [26]. Eosinophils were
treated with the antagonist AMD3100 to block CXCR4.
The 2 highest tested doses of AMD3100 significantly in-
hibited eosinophil migration produced by SDF-la/
CXCL12 by 87%. Eosinophil migration activated by the
parasite extract was also significantly inhibited by 47% at
the same doses of inhibitor. Predictably, inhibition of
CXCR4 had no effect on eosinophil chemotaxis to eo-
taxin/CCLI11 (fig. 4b).

The CXCR2 antagonist, SB225002, was used to ascer-
tain whether the parasite extract stimulates eosinophil
migration through this receptor. SB225002 significantly
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inhibited eosinophil migration to MIP-2/CXCL2 in a
dose-dependent fashion, with a maximum 97% inhibi-
tion of baseline chemotaxis. Migration produced by eo-
taxin/CCLI11 stimulation was not affected by SB225002;
however, chemotaxis triggered by the S. stercoralis ex-
tract was significantly inhibited by SB225002 by 46% at
all doses tested (fig. 4c).

We then confirmed that the inhibition observed in
these experiments is not secondary to a nonspecific pro-
cess associated with the antagonists used. To do this, we
evaluated the effect of pretreatment with an antagonist,
chemically similar to those used, to the NK3 receptor
(SB222200). NK3 has been shown to have a negligible role
in eosinophil migration [40]. Pretreatment with SB22200
did not significantly effect eosinophil migration to eo-
taxin/CCLI11 or the extract (n = 5; data not shown). There-
fore, the inhibition in the CCR3, CXCR2 and CXCR4 ex-
periments is due to specific receptor blocking rather than
nonspecific effects of the antagonist.

Characterization of the Biochemical Properties of the

Chemotactic Components of S. stercoralis Extract

S. stercoralis extract was separated into fractions con-
taining molecules <3 kDa, 3-10 kDa, 10-30 kDa and >30
kDa. Concentration of each fraction was normalized to
1 mg/ml and the effect of fractionation was calculated as

Eosinophil Chemotaxis to a Parasitic
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the percent of eosinophil migration to a given fraction as
a percent of migration to the unfractionated extract. Ex-
tract components in the 3- to 30-kDa molecular weight
range induced significant eosinophil migration; al-
though, this was significantly (60%) less than that stimu-
lated by the unfractionated extract. In contrast, migra-
tion to the fraction containing molecules greater than or
equal to 30 kDa was slightly, but not significantly, greater
than migration to the whole extract (fig. 5a).

Parasite extract was pretreated with proteinase K, chi-
tinase or boiling to ascertain the biochemical nature of
the molecules responsible for eosinophil chemotaxis.
Neither proteinase K nor chitinase alone induced eosin-
ophil chemotaxis (data not shown). Pretreatment of the
extract with proteinase K or chitinase significantly in-
hibited eosinophil chemotaxis by approximately 61%.
Treatment with both proteinase K and chitinase resulted
in the complete inhibition of eosinophil chemotaxis to
the parasite extract. Boiling did not significantly affect
the chemotactic activity of the extract (fig. 5b). There-
fore, eosinophil migration to extract from S. stercoralis
is due to heat-stable protein and chitin components
which are predominantly but not exclusively above 30
kDa in size.
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Discussion

The goal of these studies was to determine if a soluble
extract of larval S. stercoralis would induce eosinophil
migration and to define the mechanism by which this
migration occurs. S. stercoralis extract activated several
intracellular second messenger signal pathways stimu-
lated by mammalian chemokines. The parasite extract
activated eosinophil migration by stimulating a surpris-
ing diversity of chemokine receptors expressed in eosino-
phils. Furthermore, the chemotactic factors derived from
the nematode were composed of either protein or chitin
and were heat stable, with the most potent components of
this extract greater than 30 kDa in size.

LPS, which has been shown to generate eosinophil
chemotaxis by stimulating the CCR3 receptor [41], was
detected in the extract samples. However, concentrations
of LPS 10-fold above and below that found in the extract
failed to induce eosinophil migration in our assays. Pre-
treatment of the extract with polymyxin B, known to
form complexes with LPS lipid A [42], did not affect eo-
sinophil migration in response to the extract. In contrast,
treatment of the extract with a nonspecific protease or
chitinase inhibited eosinophil migration, further sug-
gesting migration of the eosinophils was not the result of
LPS, but rather a response to parasite-derived materials.

Leukocyte migration occurs in either a directed (che-
motactic) or arandom (chemokinetic) fashion. Zigmond-
Hirsch checkerboard analysis demonstrated that the par-
asite extract stimulates both eosinophil chemotaxis and
chemokinesis. Maximum chemokinetic activation was,
however, 56% of the chemotactic effect. The chemokine-
sis observed in this study may be partially due to the in-
cubation of eosinophils with IL-5, which potentiates eo-
sinophil actin polymerization after chemokine stimula-
tion [43] and induction of chemokinesis [44], in the upper
wells of the transwell plates. IL-5 is a normal component
of the eosinophil milieu and it was added to the assays
based on reports that it primes eosinophils to respond to
host chemokines [45, 46], and may therefore be needed
for eosinophils to respond optimally to the parasite ex-
tract. These studies show that eosinophils receive signals
for chemotaxis directly from the worm, thereby potenti-
ating innate and adaptive immunity to S. stercoralis.

To better understand how nematode-derived che-
moattractants attract eosinophils, the second messenger
signals responsible for inducing chemotaxis by nema-
tode-derived products were investigated. Eosinophil che-
motaxis in response to either eotaxin/CCL11 or S. sterco-
ralis extract was substantially inhibited (>80%) by treat-
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ing the cells with PTX. Thus, the extract stimulates
eosinophil migration predominantly through Go; GPCR.
This pathway is utilized not only by mammalian chemo-
kines involved in the atopic response [47], but also by par-
asite-derived chemotactic molecules [16]. Chemokines
induce migration by stimulating PTX-sensitive GPCR
(48], while chemokinetic factors utilize cell surface recep-
tors which exist as dimers [44, 49, 50]. Taken together,
these data distinguish eosinophil migration to the para-
site extract as a chemotactic-dependent migration of the
cells.

While chemokines ubiquitously stimulate Goy GPCR,
different second messenger signals are involved in the in-
tracellular signaling of various chemokine receptors [51,
52]. It has been reported that - and B-chemokines could
stimulate different second messenger pathways [53-55].
Therefore, we compared the intracellular signaling of the
S. stercoralis extract to that of the a-chemokine SDF-1a/
CXCLI12 and the B-chemokine eotaxin/CCLI11. Both a-
and -chemokines stimulate PI3K, which participates in
pseudopod extension and F-actin organization in neu-
trophils undergoing chemotaxis. A potent nonspecific
inhibitor of PI3K, wortmannin, was used to evaluate the
relative role of PI3K in extract-induced chemotaxis. Pre-
incubation of eosinophils with wortmannin inhibited
>90% of chemotaxis in response to eotaxin/CCL11, SDF-
1la/CXCL12 and the parasite extract. Preincubating eo-
sinophils from atopic patients with wortmannin inhibits
eosinophil chemotaxis in response to eotaxin/CCL11 by
approximately 60% and to platelet-activating factor by
85% [51]. These data demonstrate that PI3K mediates sig-
naling of eosinophil chemotaxis by mammalian a- and
B-chemokines as well as parasite-derived extract.

Chemokine receptors employ tyrosine kinase stimula-
tion to varying degrees. The present study demonstrates
that the tyrosine kinase inhibitor herbimycin A inhibited
eosinophil chemotaxis in response to eotaxin/CCL11,
SDF-10/CXCL12 and the extract. The magnitude of her-
bimycin A inhibition of eotaxin/CCL11 was greater than
that observed with SDF-1a/CXCL12 and identical to the
inhibition of chemotaxis stimulated by the S. stercoralis
extract. Previous reports demonstrate that preincubation
of eosinophils with herbimycin A inhibited migration in
response to eotaxin/CCLI11 but not platelet-activating
factor [52]. The limited inhibition by herbimycin A in the
present study suggests that tyrosine kinases play an ancil-
lary role in stimulating eosinophil chemotaxis. There-
fore, the early steps of parasite-induced migration involve
stimulation of a PTX-sensitive surface GPCR, which sub-
sequently activates both a class 1B PI3K variant through
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the GPy-subunit and tyrosine kinases, which activate
class 1A PI3K.

MAPK signaling is highly conserved among phyla and
can integrate multiple signaling cascades [56]. Eosinophil
chemotaxis triggered by eotaxin/CCLI11 is significantly
(>90%) inhibited by either the p38 inhibitor SB202190 or
the p44 inhibitor PD98059, suggesting both kinases play
a significant role in eotaxin/CCL11-induced chemotaxis
[30]. Our data confirm previous findings that SDF-1a/
CXCLI2 mediates signaling through a p44/42 pathway
and not through p38 [33], unlike eotaxin/CCL11 which
uses both MAP kinases. This has led some authors to hy-
pothesize a differential use of p44/42 and p38 by a- and
B-chemokines [33]. Blocking p38 or p44 significantly in-
hibited eosinophil migration to the S. stercoralis extract.
However, it was not inhibited in the same magnitude as
eotaxin/CCL11. Because the second messenger signals
used by the S. stercoralis extract do not allow their func-
tional categorization as either a- or B-chemokines, selec-
tive antagonists were used to determine the type of recep-
tor utilized by S. stercoralis extract.

Eosinophils express multiple PTX-sensitive chemo-
kine receptors which utilize the mammalian signaling
pathways. A cross-section of chemokine receptors was
selected to determine which receptors mediate the che-
motaxis induced by S. stercoralis. The antagonists used to
block the 3-chemokine receptor CCR3 and the a-chemo-
kine receptors CXCR2 and CXCR4 demonstrated specif-
ic blocking of chemotaxis in response to each receptor’s
control ligand. The specific SDF-1at/CXCL12 stimulation
of CXCR4 and MIP-2/CXCL2 stimulation of CXCR2
were both inhibited by >90%; however, these same an-
tagonists blocked S. stercoralis extract by 52-54%. The
CCR3 antagonist blocked both eotaxin/CCL11- and ex-
tract-induced migration by approximately 60%. The dis-
parity in the magnitude of inhibition between receptors
is likely due to specific characteristics of the antagonist.
The antagonists for both CCR3 and CXCR4 were origi-
nally generated against the human forms of the receptors
[57-59]. There is 91% homology between mouse and hu-
man CXCR4 [60], whereas there is 63% homology be-
tween mouse and human CCR3 [61, 62] which might ex-
plain the reduced activity of the CCR3 antagonist com-
pared to the CXCR4 antagonist. Because the tested
antagonists are unable to inhibit eosinophil migration to
the extract in the same magnitude as for pure agonists,
we conclude the S. stercoralis extract stimulates multiple
chemokine receptors. This conclusion is supported by the
observation that the eosinophil response to S. stercoralis
was preserved in CXCR2 knockout mice [7]. Thus, a re-
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dundancy in stimulating eosinophil migration may serve
as a protective advantage in responding to nematode in-
fections. In contrast, while multiple chemokines have
been implicated in diseases related to atopy, the CCR3
receptor appears to dominate control of eosinophil mi-
gration [63]. This is illustrated by the fact that blocking
CCR3 results in the ablation of eosinophil recruitment
and subsequent tissue dysfunction in response to antigen
(25, 64, 65].

The chemoattractants derived from S. stercoralis dem-
onstrated remarkable biochemical heterogeneity. Ap-
proximately 50 chemokines, all proteins between 5 and
20kDa MW, have been identified in humans [1, 66]. Some
nematodes release chemoattractant molecules identical
to those found in mammals [17]. Other chemotactic mol-
ecules isolated from nematodes have biochemical prop-
erties distinct from mammalian chemokines, including
a nonprotein biochemistry [18] and larger molecular
weight [16, 67, 68]. Chitin has also been associated with
the recruitment of eosinophils to a nematode infection
through a mechanism dependent on macrophages [69].
The observation that only eosinophils underwent che-
motaxis to the parasite extract in the present study sug-
gests that eosinophils respond to chitin from S. stercoralis
in a macrophage-independent manner. In the present
study, fractions of the S. stercoralis extract with molecu-
lar weights greater than 30 kDa were the most effective in
stimulating eosinophil migration. Fractions in the 3- to
30-kDa molecular weight range also caused significant
eosinophil migration above control. However, this was
significantly (60%) less than that stimulated by the un-
fractionated extract. Although total protein concentra-
tion was standardized to 1 mg/ml in each fraction, there
was likely an increase in the relative concentration of the
active chemotactic elements in the >30-kDa fraction ac-
counting for the slight increase in chemotaxis. Although
the majority of chemotactic activity observed in response
to the S. stercoralis extract is due to molecules greater
than 30 kDa, it is reasonable to conclude that chemotax-
is is due to multiple active components of various sizes
within the extract. Treatment of the parasite extract with
either chitinase or proteinase K inhibited the extract’s
ability to attract eosinophils. Simultaneous treatment
with both enzymes completely blocked eosinophil mi-
gration to the extract. Therefore, eosinophils are attract-
ed to molecules of various sizes within the S. stercoralis
extract which are either protein or chitin in nature.

Polyspeirism, multiple chemokines recognized by 1
cell type, has been described for monocytes. This allows
the cells to respond to diverse stimuli using varied CC,
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CX3C and CXC receptors, thereby ensuring a robust im-
mune response [70]. Based on the current study, eosino-
phils also appear to express polyspeirism in the response
to infection with S. stercoralis. This guarantees that eo-
sinophils are recruited to the parasites during the innate
immune response without the need for other cell’s pro-
duction of chemokines. Eosinophils have been shown to
have the capacity to kill the parasites in the innate im-
mune response [7] and act as antigen-presenting cells
[71,72], thereby initiating the adaptive immune response.
Eosinophil polyspeirism promotes the ability of eosino-
phils to function as Kkilling cells in the innate immune
response and as transition cells to the adaptive immune
response. Alternatively, it has been observed that in the
absence of eosinophils, T. spiralis muscle larvae died in
large numbers [73]. This suggests that eosinophils may
influence the immune response in a manner that insures
worm survival. If eosinophils also promote the survival
of S. stercoralis, there might be a selective advantage for
the parasite to directly recruit the cells.

In conclusion, our data demonstrate a soluble extract
from §. stercoralis stimulates eosinophil chemotaxis by
binding to multiple GPCR chemokine receptors on the
eosinophil and triggering second messenger signal path-
ways parallel to those induced by mammalian chemo-
kines. The chemotactic components of the extract are
complex and biochemically different from mammalian
chemokines. The redundancy of the chemotactic factors
produced by the parasite and the multiple responding re-
ceptors on the eosinophils suggest that chemotactic re-
ceptors on these pivotal cells may have evolved to ensure
a robust response to this infection.
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