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We describe the parasitological kinetics and histopathological and immunological alterations in platelet-
activating factor receptor-deficient (PAFR�/�) and wild-type mice after a single Strongyloides venezuelensis
infection (subcutaneous inoculation of 500 L3 larvae). There was no difference in the numbers of worms that
reached and became established in the small intestines of PAFR�/� and wild-type mice. However, at 12 days
after infection, significantly more worms were recovered from PAFR�/� mice. Although PAFR�/� infected mice
showed a delay in elimination of adult worms, worms established in the small intestine of these mice produced
a significantly lower number of eggs due to a reduction in worm fecundity. There were also significant
reductions in the number of circulating and tissue eosinophils and tumor necrosis factor levels in the small
intestines of PAFR�/� mice infected for 7 days compared to the number and level in wild-type mice. Histo-
logical analysis confirmed the reduced inflammatory process and revealed that the PAFR�/� mice had a
smaller number of goblet cells. The concentrations of the type 2 cytokines interleukin-4 (IL-4), IL-5, and IL-10
were lower in small intestine homogenates and in supernatants of antigen-stimulated lymphocytes from
spleens or mesenteric lymph nodes of PAFR�/� mice than in the corresponding preparations from wild-type
mice. Thus, in S. venezuelensis-infected PAFR�/� mice, decreased intestinal inflammation is associated with
enhanced worm survival but decreased fecundity. We suggest that although a Th2-predominant inflammatory
response decreases worm survival, the worm may use factors produced during this response to facilitate egg
output and reproduction. PAFR-mediated responses appear to modulate these host-derived signals that are
important for worm fecundity.

Gastrointestinal nematode species which have pulmonary
migration in their life cycles, such as Necator americanus, An-
cylostoma duodenalis, Strongyloides stercoralis, and Ascaris lum-
bricoides, are the most prevalent parasites in humans, infecting
over one-quarter of the world’s population (9, 11). Despite the
high prevalence and chronic morbidity produced by these nem-
atodes, immunopathologic and/or immunoprotective mecha-
nisms involved in the response against these parasites are not
completely understood. Experimental infections with gastroin-
testinal nematodes in rodents induce predominantly a Th2 type
of immune response that has been associated with host pro-
tection. Nevertheless, the precise mechanisms of protection
are still not clear and appear to be considerably different for
different helminths (17, 18, 36).

One experimental model that has been used to study the
aspects of immunoprotection and immunoregulation during
gastrointestinal infection is infection of rodents with Strongy-
loides venezuelensis (29, 30, 40, 50), a nematode that naturally
infects wild rats. In experimental infections, S. venezuelensis
larvae have an obligatory migration through the lungs of the
host before they become established in the duodenal mucosa
(52), similar to the migration of S. stercoralis in humans, and
the adult worms are spontaneously eliminated after 5 weeks in

rats (55) and after 10 to 14 days of infection in mice (46). The
migration of parasite larvae (37, 50) or establishment of the
worm in the gut (24, 26) results in eosinophilic inflammation.
Moreover, arrival of the parasite in the intestine is accompa-
nied by intestinal eosinophilia and mastocytosis, which may be
associated with the process of worm elimination (10, 24, 26).

The lipid mediator platelet-activating factor (1-O-alkyl-2-
acetyl-sn-glyceryl-3-phosphorocholine) (PAF) is produced by a
large number of inflammatory cells, including macrophages,
neutrophils, basophils, eosinophils, platelets, and endothelial
cells (7, 33). PAF is minimally expressed under normal physi-
ological conditions; however, PAF has been implicated in a
number of inflammatory conditions, including allergic inflam-
mation (7, 21, 25, 33). Once released, PAF activates PAF
receptors (PAFR), which results in diverse biological activities
associated with inflammation (21), including macrophage and
eosinophil activation and chemotaxis, alterations in vascular
permeability, platelet activation, and induction of mucus pro-
duction by epithelial cells, all of which may contribute to the
course of infection with helminths. Using PAFR�/� mice (22),
we analyzed the role of PAFR during the course of infection
with the intestinal parasite S. venezuelensis.

MATERIALS AND METHODS
Animals. C57BL/6 mice lacking the PAFR (PAFR�/� mice) were generated as

previously described by Ishii et al. (22). These PAFR-deficient mice were pro-
vided by Takao Shimizu (Department of Biochemistry and Molecular Biology,
University of Tokyo, Tokyo, Japan) and have been bred and maintained at the
bioscience unit of the Institute Gonçalo Muniz (Fundação Oswaldo Cruz, Sal-
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vador, Brazil). For the experiments described here, C57BL/6 PAFR�/� and
wild-type female mice that were 8 to 10 weeks old were used. All animals were
kept at the Department of Biochemistry and Immunology (Federal University of
Minas Gerais State, Belo Horizonte, Brazil) vivarium for infected animals during
the experimental procedure, fed laboratory chow (Nuvilab; Colombo, Parana,
Brazil), and given tap water ad libitum. For experimental procedures we received
prior approval from the local animal ethics committee.

Parasite and parasitological techniques. S. venezuelensis, the intestinal nem-
atode used in all the experiments, was isolated from Rattus norvegicus (8) and has
been maintained in the Department of Parasitology (Federal University of Minas
Gerais State, Belo Horizonte, Brazil) by serial passage in Wistar rats. S. venezue-
lensis infective filiform larvae (L3) were obtained from charcoal cultures of infected-
rat feces. The cultures were kept for 48 to 72 h at 28°C, and the infective larvae were
collected and concentrated by using a Baermann apparatus. Subsequently, the larvae
recovered were washed several times in phosphate-buffered saline (PBS) and
counted, and the concentration was adjusted to 5,000 L3 per ml of PBS for infection.
PAFR�/� and wild-type mice were individually inoculated via subcutaneous in-
jection of 100 �l of PBS containing 500 infective larvae in the abdominal region.

Infectivity rates were determined by assessing fecal egg counts and numbers of
worms recovered from the small intestine at 5, 7, and 12 days after infection. For
recovery of worms from the small intestine, the upper half of the small intestine
from each infected mouse was removed after sacrifice, washed, cut open longi-
tudinally, and incubated in PBS at 37°C for 4 h. Worms that emerged from the
intestinal tissue were quantified by stereomicroscopy. The remaining intestinal
tissue was placed in PBS and incubated overnight at 4°C, the worms were
quantified again, and the total number of worms was determined. After the
upper half of the small intestine was separated for worm counting, the first 2 cm
of the lower half of each small intestine was processed for histological analysis,
and the remaining piece was frozen at �70°C for quantification of cytokines and
for the eosinophil peroxidase (EPO) assay. To determine the number of nema-
tode eggs eliminated in the feces, well-formed fecal pellets were obtained from
the rectum of each infected mouse, weighed, and homogenized in a known
volume of PBS. For each infected mouse, two fecal samples (100 �l) were
examined by light microscopy, and the total number of parasite eggs was deter-
mined. The number of S. venezuelensis eggs was expressed per gram of mouse
feces. Since S. venezuelensis-infected hosts have only female worms in the small
intestine, worm fecundity was estimated by dividing the number of eggs elimi-
nated in feces by the number of worms recovered from the intestine of each
mouse at each time point.

To obtain L3 soluble antigen, a large number of infective larvae were exten-
sively washed with PBS, resuspended in PBS containing protease inhibitor cocktail
(one tablet in 25 ml of PBS; Boehringer Mannheim, Indianapolis, Ind.), and dis-
rupted by vortexing with glass beads (five cycles, 1 min each) and by sonication with
a cell sonic disrupter (PGC Scientific, Gaithersburg, Md.) by using 10 1-min cycles
at the highest power allowed for the standard microtip (48). After the insoluble
particles were removed by centrifugation of the larval homogenate at 400 � g for 30
min, the supernatant was removed, and the protein concentration was deter-
mined before division into aliquots and storage at �20°C. The antigen prepara-
tion was used to stimulate cells obtained from mesenteric lymph nodes (MLN)
and spleens.

Leukocytes in blood and BAL fluid of infected mice. At 7 and 12 days after S.
venezuelensis infection, PAFR�/� and wild-type mice were anesthetized and bled
via the tail vein, and the blood samples were used to estimate the circulating cell
compositions. Bronchoalveolar lavage (BAL) was performed 5 and 7 days after
infection by intratracheal instillation of three aliquots of 1 ml of PBS containing
0.3% bovine serum albumin (Sigma) and protease inhibitor cocktail (one tablet
in 50 ml of PBS; Boehringer Mannheim). The lavage fluid was centrifuged at 200
� g for 7 min, and the cell pellet from the BAL fluid was resuspended in 1 ml of
PBS containing 0.3% bovine serum albumin.

The total numbers of leukocytes in blood and BAL fluid were estimated by
using a Neubauer chamber. Cytospin slides prepared from BAL fluid and blood
smears were stained with May-Grünwald-Giemsa stain. Cells were differentiated
into mononuclear cells, mature eosinophils, and mature neutrophils by using
standard morphological criteria, and at least 200 cells were counted per slide by
light microscopy.

Histopathology. As mentioned above, a section of the intestine collected from
the jejunal portion was fixed in 10% buffered formalin and embedded in paraffin,
and 5-�m sections were prepared for histology. Sections were stained with hema-
toxylin and eosin for assessment of the overall inflammatory response. Goblet cell
and mucus production was analyzed by using periodic acid-Schiff-stained slides.

EPO assay. The EPO assay, performed as described by Silveira et al. (50), was
used to estimate the numbers of eosinophils in the lungs and intestine.

Cell culture. Cytokine production was measured in supernatants from spleens
and MLN cells restimulated with L3 total antigen or concanavalin A (ConA). For
these experiments, uninfected PAFR�/� and wild-type mice and PAFR�/� and
wild-type mice that were infected with S. venezuelensis for 7 and 12 days were
used. Briefly, the spleen and MLN were aseptically removed, a single-cell sus-
pension was prepared, and red blood cells were lysed. Individual spleens and
MLN from four or five mice per group were used at each time. The cells obtained
from these organs were centrifuged at 200 � g for 5 min, counted, plated in
96-well, flat-bottom microplates (NUNC, Naperville, Ill.) at a concentration of
1 � 106 cells/well in RPMI 1640 containing 25 mM HEPES and sodium bicar-
bonate (Sigma, St. Louis, Mo.) and supplemented with 10% fetal calf serum, 100
U of penicillin per ml, 100 �g of streptomycin per ml, 10 mM sodium pyruvate,
and 2 mM L-glutamine (Sigma), and cultured at 37°C in the presence of 5% CO2

for 72 h. Cells were cultured in duplicate in 200 �l either alone or in the presence
of 2 �g of ConA (Sigma) per ml or 100 �g of parasite antigen per ml. Super-
natants were collected after 72 h, divided into aliquots, and kept at �20°C for
quantification of interleukin-4 (IL-4), IL-5, IL-10, and gamma interferon (IFN-�).

Measurement of cytokines in intestinal homogenates and spleen and MLN
culture supernatants. Cytokines were quantified in cell culture supernatants and
in homogenates prepared from the small intestine. The latter samples were
obtained by homogenizing 100 mg of the lower half of the small intestine from
PAFR�/� or wild-type mice obtained 7 and 12 days after infection with S.
venezuelensis. The intestinal samples were homogenized in 1 ml of PBS contain-
ing protease inhibitors (0.1 mM phenylmethylsulfonyl fluoride, 0.1 mM benze-
thonium chloride, 10 mM EDTA, 20 KI aprotinin A, and 0.05% Tween 20). Each
sample was then centrifuged for 10 min at 3,000 � g, and the supernatant was
used for an enzyme-linked immunosorbent assay (ELISA).

Concentrations of IL-4, IL-5, IL-10, IFN-�, and tumor necrosis factor alpha
(TNF-�) were determined by an ELISA technique with commercially available
antibody pairs used according to the instructions supplied by the manufacturer
(R&D Systems). Known concentrations of the recombinant proteins were used
to generate a standard curve to convert optical density values of samples to
picograms per milliliter. The sensitivity of the assays was 16 pg/ml.

Statistical analysis. Data are reported below as means � standard errors of
the means and were analyzed by using Student’s t test (two groups) or one-way
analysis of variance. In the latter analysis, P values were assigned by using Tukey
post hoc analysis. Differences were considered significant at a P value of �0.05.

RESULTS

PAFR-deficient mice have delayed elimination of S. venezue-
lensis from the small intestine. The kinetics of S. venezuelensis
infection in mice (Fig. 1A) revealed that there was no statisti-
cal difference in the numbers of worms that arrived and be-
came established in the small intestines of PAFR�/� and wild-
type mice at 7 days after infection (201 � 12 worms in
PAFR�/� mice and 189 � 10 worms in wild-type mice). How-
ever, at 12 days after infection, there were 76 � 7 worms/
mouse in PAFR�/� infected mice, while only 30 � 8 worms/
mouse were recovered from the wild-type controls (P 	 0.05).

Interestingly, the number of S. venezuelensis eggs eliminated
in the feces of PAFR�/� infected mice did not reflect the
kinetics of adult worm presence in the intestine (Fig. 1B). At 7
days after infection, a time when the numbers of worms recov-
ered from the small intestine were similar for the two groups,
PAFR�/� infected mice eliminated significantly fewer S. vene-
zuelensis eggs in the feces than infected controls eliminated
(25,000 � 3,800 eggs for PAFR�/� mice compared to 44,760 �
5,000 eggs for wild-type controls). At 12 days after infection,
PAFR�/� mice and infected wild-type controls eliminated sim-
ilar numbers of eggs, even though the former group of animals
had more worms in the small intestine. The smaller number of
parasite eggs eliminated in the feces of PAFR�/� infected
mice was a consequence of the lower fecundity of the worms
established in the small intestine of these animals (Fig. 1C).
Indeed, the fecundity of worms from PAFR�/� mice was lower
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than that of worms from wild-type controls at 7 and 12 days
after infection (Fig. 1C).

Cellular response in blood and BAL fluid of S. venezuelen-
sis-infected PAFR�/� mice. The total number of leukocytes
obtained from the BAL fluid collected 5 days after infection of
PAFR�/� mice was lower than the total number of leukocytes
found in the wild-type counterparts (Fig. 2A). The reduction
was due to a reduced number of mononuclear cells present in
the BAL fluid of PAFR�/� infected mice. The numbers of
eosinophils and neutrophils in the BAL fluid of both groups
were similar (Fig. 2A). Seven days after infection, the amounts

of cellular infiltrate in the lungs of PAFR�/� and control mice
were very small and were similar in the two groups (Fig. 2A).

A lower number of leukocytes was also observed in the
blood of PAFR�/� mice than in the blood of the infected
wild-type controls (133 � 104 � 80 � 104 and 454 � 104 �
150 � 104 cells/ml at 7 days after infection, respectively; P 	
0.05). The reduction in the total number of blood leukocytes
was due to a significant reduction in the number of circulating
eosinophils, neutrophils, and mononuclear cells (Fig. 2B). Af-
ter 12 days of infection there were no significant differences
between PAFR�/� and wild-type mice.

Histopathological changes in the intestine of S. venezuelen-
sis-infected PAFR�/� mice. There were no apparent differ-
ences in the small intestines of wild-type and PAFR�/� unin-
fected mice (Fig. 3A and B). Histopathological analysis of the
small intestine of infected mice revealed many worms localized
mainly beneath the epithelial layer (Fig. 3E and F). In wild-
type mice, this was accompanied by intense cellular infiltration
into the lamina propria of the villi, along with the presence of

FIG. 1. Parasite burden of wild-type (WT) and PAFR�/� mice
infected with S. venezuelensis (one subcutaneous inoculation of 500
L3/mouse). The total number of worms recovered from the small
intestine (A), the total number of eggs eliminated in the feces (B), and
the total number of eggs eliminated per adult worm per gram of feces
(fecundity) (C) were evaluated at 5, 7, and 12 days after infection with
S. venezuelensis. The bars and error bars indicate the means and stan-
dard errors of the means, respectively, for 8 to 10 mice in each group
in two separate experiments. One asterisk and two asterisks indicate
that the P values are 	0.05 and 	0.01, respectively, for a comparison
of wild-type and PAFR�/� mice.

FIG. 2. Leukocyte infiltration in the lungs and blood of wild-type
(WT) and PAFR�/� mice infected with S. venezuelensis. The total
numbers of leukocytes (Total) and the numbers of macrophages (M),
neutrophils (N), and eosinophils (E) in BAL fluid (A) and blood (B)
were evaluated at different times after subcutaneous infection with 500
L3/mouse. The bars and error bars indicate the means and standard
errors of the means, respectively, for four to six mice in each group. An
asterisk indicates that the P value is 	0.05 for a comparison of wild-
type and PAFR�/� mice. DAI, days after infection.
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eosinophils (Fig. 3G). Eosinophil-rich infiltrates were not evi-
dent in the small intestine of PAFR�/� infected mice (Fig.
3H). At 12 days after infection, adult worms were still present
in the small intestine of PAFR�/� infected mice, confirming
the delay in elimination of worms (Fig. 3D). Moreover, at 12
days after infection, there were more goblet cells filled with
mucus in the epithelial layer of wild-type infected mice (Fig. 3C)
than in the epithelial layer of PAFR�/� infected mice (Fig. 3D).

With the intent of quantifying the inflammatory response in
the small intestine, we assessed eosinophil infiltration indi-
rectly by measuring the activity of EPO (Fig. 4A) and the
TNF-� concentrations by ELISA in tissue homogenates (Fig.
4B). As shown in Fig. 4, the levels of EPO and TNF-� were
significantly lower in PAFR�/� infected mice than in infected
wild-type controls at 7 days after infection. Interestingly, both
values were greater for PAFR�/� infected mice than for wild-
type controls at 12 days after infection (Fig. 4).

S. venezuelensis-infected PAFR�/� mice expressed lower lev-
els of Th2 cytokines. Cytokine analysis of homogenates of the
small intestine showed that there was a discrete increase in the
concentration of IFN-� 7 days after infection, but the concen-
tration returned to the normal level 12 days after S. venezue-
lensis infection in both PAFR�/� and wild-type mice (Fig. 5A).
The concentrations of IL-10 exhibited similar kinetics; i.e.,
there was a threefold increase above the levels found in non-
infected animals at day 7, and background concentrations were
observed at day 12 after infection (Fig. 5B). The concentra-
tions of the Th2 cytokines IL-4 and IL-5 exhibited the greatest
increases above the values found in noninfected animals.
Moreover, elevated concentrations of both IL-4 and IL-5 were
found even after 12 days of infection (Fig. 5C and D). At day
7 after infection, the concentrations of IL-4 and IL-5 were
significantly lower in PAFR�/� mice than in the small intes-
tines of the wild-type controls (Fig. 5C and D).

Cytokine concentrations were also measured in supernatants
of spleen and MLN cells collected from infected mice and
restimulated in vitro with L3 antigen. Similar to the concen-
trations of cytokines in the intestine, there were lower concen-
trations of cytokines in the supernatants of spleen and MLN
cell cultures from PAFR�/� mice infected for 7 days than in
the supernatants of spleen and MLN cultures from the wild-
type controls (Table 1). Specifically, the concentrations of IL-5
and IFN-� in supernatants of spleen cell cultures and the
concentrations of IL-4, IL-5, and IFN-� in supernatants of
MLN cell cultures were significantly lower for PAFR�/� mice
than for wild-type mice (Table 1). Cytokine levels were re-
duced after 12 days of infection in both PAFR�/� and wild-
type mice (data not shown). Stimulation with ConA resulted in
greater and more persistent production of IL-4 and IL-5 in

FIG. 3. Small intestines of wild-type (WT) and PAFR�/� mice
infected with S. venezuelensis. (A, C, E, and G) Sections from wild-type
mice; (B, D, F, and H) sections from PAFR�/� mice. Uninfected mice
were evaluated (A and B), and mice infected with S. venezuelensis were
evaluated 12 days (C and D) or 7 days (E to H) after infection. Note

the greater number of goblet cells (C) and the eosinophilic tissue
infiltration (G) in wild-type mice. In panel D, the arrows indicate
sections of worms in the small intestine of a PAFR�/� mouse after 12
days of S. venezuelensis infection. In panel G, the arrowheads indicate
the presence of eosinophils. The tissue was fixed with buffered forma-
lin and embedded in paraffin, and 5-�m sections were stained with
periodic acid-Schiff stain (A to D) or hematoxylin and eosin (E to G).
(A to F) Magnification, �200; (G and H) magnification, �400. DAI,
days after infection.
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both spleen and MLN cells collected from infected mice.
ConA-induced IFN-� production by spleen and MLN cells
from normal animals was not different than ConA-induced
IFN-� production by spleen and MLN cells from infected an-
imals (data not shown). Moreover, there were no significant
differences between the ConA-stimulated cytokine levels in
PAFR�/� and wild-type mice (data not shown).

DISCUSSION

PAF is a potent phospholipid mediator that has been shown
to mediate a broad spectrum of biological activities, including
leukocyte recruitment and activation, airway constriction, and
vascular hyperpermeability, through its G-protein-coupled re-
ceptor (21). In addition, several experiments have linked PAF
to allergic processes (25; reviewed in reference 21). It has been
demonstrated previously that S. venezuelensis infection induces
eosinophilic lung inflammation that is accompanied by airway
hyperreactivity in rats (37, 50). A similar inflammatory reaction
is observed in the small intestine of Strongyloides-infected mice
(15, 24, 32). The participation of PAF or the PAFR during
gastrointestinal nematode infection has been poorly docu-
mented; Nippostrongylus brasiliensis-infected rats showed ele-
vated levels of PAF, systemically and in the intestinal lumen,
only during the process of elimination of worms (34). More-
over, the adult worms secreted an acetylhydrolase that func-
tionally inhibited PAF activity (6, 19). PAF has also been
associated with the development of dilated cardiomyopathy
observed in chronic Trichinella spiralis-infected rats (42).

In the present work, it was demonstrated that S. venezuelen-
sis larval migration and intestinal establishment were not af-
fected by the absence of the PAFR, at least during the primary
parasite infection. However, PAFR�/� infected mice exhibited
delayed elimination of adult worms, and there was decreased
worm fecundity compared to that in the infected wild-type
controls. The delay in elimination of adult worms coincided
with lower leukocyte recruitment and activation, as detected by
the decreased number of eosinophils and goblet cells in tissue
and diminished cytokine production, respectively. Specifically,
there was a reduction in the production of Th2 cytokines (IL-4,
IL-5, and IL-10) in the small intestine tissue and by specific
antigen-stimulated spleen or MLN cells. Interestingly, the IL-4
level was not reduced significantly in MLN cells, suggesting
that IL-4 could be regulated independent of IL-5 and IL-10 in
this compartment.

The induction of a predominant Th2 immune response,
characterized by production of the IL-4, IL-5, IL-9, IL-10, and
IL-13 cytokines (1), is associated with protective immunity
against gastrointestinal nematodes in experimental models of
infection by Trichuris muris, Heligmosomoides polygyrus, N. bra-
siliensis, and T. spiralis (5, 16, 17, 18, 28). In Strongyloides-
infected mice the relevance of IL-4-mediated responses for
elimination of worms has not been directly confirmed (54).

FIG. 4. Levels of EPO (A) and TNF-� (B) in small intestine ho-
mogenates 7 and 12 days after S. venezuelensis infection of wild-type
(WT) and PAFR�/� mice. EPO activity was measured by a colorimet-
ric assay, and the TNF-� level was estimated by an ELISA, as de-
scribed in Materials and Methods. The dashed lines indicate the back-
ground levels of EPO and TNF-� in wild-type mice. The background
levels in PAFR�/� mice were not significantly different from the back-
ground levels in wild-type mice and are not shown for clarity. The bars
and error bars indicate the means and standard errors of the means,
respectively, for four mice. Two asterisks indicate that the P value is
	0.01 for a comparison of wild-type and PAFR�/� mice. KO,
PAFR�/� mice.

TABLE 1. Concentrations of cytokines in supernatants of spleen
and MLN cells stimulated with S. venezuelensis L3 antigen

Cytokine

Concn (pg/ml of supernatant) ina:

Spleen cells MLN cells

Wild-type
mice

PAFR�/�

mice
Wild-type

mice
PAFR�/�

mice

IL-4 22.9 � 3.2 6.7 � 6.6b 26.0 � 9.5 23.8 � 19.4
IL-5 372 � 50 173 � 89b 285 � 97 99 � 57b

IL-10 5,074 � 740 4,876 � 232 966 � 268 71 � 66b

IFN-� 1,880 � 356 509 � 226b 1,291 � 393 1,087 � 476

a Spleens and MLN were obtained 7 days after infection with S. venezuelensis.
The values are means � standard errors of the means for five mice in each group.
The experiment was repeated twice, and similar results were obtained.

b Value is significantly different (P 	 0.05) from the value for wild-type mice.
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However, there is evidence in humans infected by S. stercoralis
(38), as well as in experimental models of this infection (24, 27,
29, 30), that a predominant Th2 type of immune response is
related to host protection. Increased levels of IL-5 and the
consequent eosinophilia have been associated with protection
in Strongyloides-infected hosts (10, 15, 29, 41). However, it
appeared that activated eosinophils were relevant for the de-
struction of migrating larvae rather than for elimination of
worms (10, 15), suggesting that the observed effects on IL-5
and eosinophils are unlikely to account for the delay in elim-
ination of worms in our system. In contrast, Strongyloides ratti-
infected IL-5-deficient mice showed higher fecundity (41).
Therefore, although IL-5 and eosinophils may not contribute
to elimination of worms, further studies are needed to evaluate
their contribution to changes in worm fecundity.

Another aspect of the Th2 immune response induced by
Strongyloides infection is the intestinal mastocytosis and goblet
cell hyperplasia. It has been demonstrated that IL-4 acting in
synergy with IL-13 regulates intestinal mastocytosis (27, 54),
and IL-13 has been associated with the control of goblet cell

hyperplasia (31) observed during elimination of worms. More-
over, experiments with mast cell-deficient W/WV and nude
mice (2, 24, 27, 35) have suggested that there is an association
between intestinal mastocytosis and the ability of mice to expel
S. venezuelensis and S. ratti adult worms.

Recently, Maruyama et al. (30) suggested that sulfated car-
bohydrates, including mast cell glycosaminoglycans, inhibit at-
tachment of adult worms and subsequent invasion of S. vene-
zuelensis worms in the intestinal epithelium. Similarly, heavily
sulfated mucins from goblet cells of S. venezuelensis-infected
hamsters or rats were associated with elimination of worms
(23, 48). These studies suggested that production of mucus,
especially sulfated mucins, favors elimination of intestinal par-
asites. PAF, through the activation of its receptor, may func-
tion as a mucus secretagogue on airway epithelium and ap-
pears to be an important activator of goblet cell secretion
during airway inflammation (13, 44). In at least one study the
workers described an effect of PAF on intestinal epithelium
mucin secretion (51). In our study, goblet cell hyperplasia was
prevented in S. venezuelensis-infected PAFR�/� mice, suggest-

FIG. 5. Levels of IFN-� (A), IL-10 (B), IL-4 (C), and IL-5 (D) in small intestine homogenates 7 and 12 days after S. venezuelensis infection of
wild-type (WT) and PAFR�/� mice. Cytokine levels were measured by ELISA, as described in Materials and Methods. The dashed lines indicate
the background levels of cytokines in wild-type mice. The background levels in PAFR�/� mice were not significantly different from the background
levels in wild-type mice and are not shown for clarity. The bars and error bars indicate the means and standard errors of the means, respectively,
for four mice. One asterisk and two asterisks indicate that the P values are 	0.05 and 	0.01, respectively, for a comparison of wild-type and
PAFR�/� mice. KO, PAFR�/� mice.
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ing that PAFR plays a role in mediating mucus production
following intestinal helminth infection. Based on the discussion
above, it is possible that the diminished goblet cell hyperplasia
observed in S. venezuelensis-infected PAFR�/� mice also con-
tributes to the delay in elimination of adult worms.

S. venezuelensis-infected PAFR�/� mice had reduced tissue
levels of IL-10 and TNF-�. Interestingly, T. muris-infected
IL-10-deficient mice failed to expel the parasite after 20
days of infection and displayed increased morbidity and mor-
tality. This increased susceptibility to the parasite was corre-
lated with increased production of type 1 cytokines (IFN-� and
TNF-�), increased inflammation at the intestinal site, de-
creased serum eosinophilia, and the absence of goblet cell
hyperplasia and mucus production (47). Similarly, T. spiralis-
infected TNF-� receptor-deficient mice showed increased en-
teropathology, but no difference was observed in the kinetics of
elimination of worms, suggesting that TNF-� was not associ-
ated with the mechanism of nematode expulsion (28).

Altogether, the studies described above suggest that Th2
cytokines and effector mechanisms (mastocytosis and eosino-
philia) play a role in mediating resistance against Strongyloides
infection in rodent models. PAFR�/� mice infected with S.
venezuelensis exhibited decreased production of Th2 cytokines
in tissues and after stimulation of immune cells with specific
antigen. Although the reduction in cytokine levels in tissue was
not marked (around 20 to 30% inhibition), this reduction was
sufficient to affect the recruitment of cells and the production
of proinflammatory cytokines, such as TNF-�. Thus, it is pos-
sible that the observed reduction in the production of Th2
cytokines and the ensuing inflammation accounted for the ob-
served delay in parasite expulsion but did not prevent parasite
expulsion. It is not clear at present why a Th2 immune re-
sponse would be defective or partially suppressed in PAFR�/�

mice, as there is no direct evidence which suggests that PAFR
activation plays a role in determining Th2 cytokine production.
One possible explanation stems from the important role of
PAFR in the phagocytosis of particles (4, 53). In the absence of
PAFR or when there is a blockade of PAFR, phagocytosis and,
consequently, antigen presentation could be impaired. One al-
ternative possibility stems from the work of Shinkai and col-
leagues (49), who showed that parasites are capable of induc-
ing innate cells, such as eosinophils, to produce Th2 cytokines,
such as IL-4. As eosinophil migration is defective early in the
course of S. venezuelensis infection, it is also possible that a de-
fective Th2 response is secondary to reduced eosinophil influx in
PAFR�/� mice. These possibilities clearly deserve further study.

In PAFR�/� mice infected for 7 days, in which the number
of adult worms in the small intestine was similar to the number
in wild-type mice infected for 7 days, the number of eggs
eliminated and worm fecundity were significantly lower. Lower
worm fecundity was accompanied by less intestinal inflamma-
tion, as assessed histologically and by TNF-� and EPO levels.
Thus, whereas parasite survival was enhanced in PAFR�/�

mice, worm fecundity was greatly suppressed. These appar-
ently contradictory results suggest that the effector mecha-
nisms that lead to elimination of adult worms may be different
from the mechanisms that are involved in an antifecundity
immune response. Indeed, parasites are able to use host-de-
rived signals for growth and developmental control (45). There
is evidence which suggests that T cells might be a source of

some of these host signals, as severe combined immunodefi-
ciency (SCID), nude, RAG�/�, or T-cell-depleted mice showed
reduced Schistosoma mansoni and Schistosoma japonicum
growth and fecundity (3, 14, 20, 43). Although the findings are
controversial (12), Amiri et al. (3) have shown that TNF-� can
enhance the fertility of female schistosome worms. In this way,
treatment of S. mansoni-infected SCID mice with TNF-� re-
stored the reproductive capacity of the schistosome. Moreover,
it has been shown that inhibition of intestinal mucosal mast cell
hyperplasia with anti-stem cell factor was accompanied by a
reduction in fecal egg output in N. brasiliensis-infected rats
(39). A situation may arise in which decreased intestinal in-
flammation (as observed in S. venezuelensis-infected PAFR�/�

mice or in S. mansoni-infected SCID mice) is associated with
enhanced survival of worms but decreased fecundity. On the
other hand, the greater host inflammatory response against the
worms (as observed in wild-type mice) may result in reduced
survival but significantly greater worm fecundity. This is an
interesting example of an evolutionary trade-off used by the
parasite to enhance its survival ability; i.e., although a predom-
inant Th2 inflammatory response decreases survival of the worms,
the worms may use factors produced during this response to
facilitate egg output and reproduction (for example, S. mansoni
may use TNF-� and N. brasiliensis may use stem cell factor). The
factors that might modulate the fecundity of S. venezuelensis
remain to be determined.

Overall, our results indicate that the PAFR participates in
the cascade of events leading to elimination of S. venezuelensis
from the small intestine. Moreover, PAFR-mediated responses
appear to modulate host-derived signals that are important for
worm fecundity. Host-derived signals necessary for worm fe-
cundity may be good targets for strategies aimed at control of
helminth transmission.
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