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Abstract
Eosinophils are an important feature of immune responses to infections with many of the tissue-invasive helminth parasites. The cytokine IL-5 and a high-aﬃnity double GATA-binding site within the GATA-1 promoter are critical for eosinophilopoiesis. In this study,
we believe we demonstrate for the ﬁrst time that defects in eosinophilopoiesis are associated with impaired resistance to Nippostrongylus
brasiliensis. Primary and secondary infections were established in wildtype (WT), IL-5 / and DdblGATA mice. Resistance to secondary
infections was impaired in IL-5 / and DdblGATA mice, with signiﬁcantly more larvae able to reach the lungs 2 days p.i. Pulmonary
inﬂammation was minimal in all strains in the ﬁrst 2 days of both primary and secondary infections, suggesting that eosinophil-dependent resistance occurred before larvae reached this site. Intestinal worm burdens and/or parasite egg production in primary infections
were greater in animals with defective eosinophilopoiesis. While larvae did reach the gut by day 3 of secondary infections of WT and
IL-5 / mice, worms were expelled by day 7, even in the complete absence of eosinophils in tissues of the small intestine. This and
our previous studies indicate that N. brasiliensis are likely to be exquisitely sensitive to attack by eosinophils soon after entry into the
skin. Eosinophils in the gut may make a modest contribution to resistance on ﬁrst exposure to the parasite, but are not required for
expulsion in either primary or secondary infections. In order to mount an eﬀective immune response it may be vital for the host to identify and attack the parasite before it implements immune evasion strategies and migrates to other anatomical sites. These observations
may be of particular signiﬁcance for the development of successful vaccines against hookworms and other nematodes.
 2007 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Gastrointestinal helminth infections are amongst the
most common chronic diseases of humans, causing signiﬁcant morbidity and contributing to developmental
and intellectual retardation in children (Chan et al.,
1994). Immune responses to tissue-invasive parasitic helminths can share a number of features. A bias towards
Type 2 cytokine production is frequently seen and cells
*
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such as neutrophils, eosinophils and mast cells are usually recruited and activated (Kay et al., 1985). Although
eosinophils are often recruited in large numbers in
response to tissue invasive parasitic helminths, the roles
of these cells remain controversial (Behm and Ovington,
2000; Meeusen and Balic, 2000; Lee and Lee, 2005). In
vitro, eosinophils can adhere to helminth larvae (Hagan
et al., 1985; Desakorn et al., 1987; Giacomin et al.,
2005), releasing granule contents (Glauert et al., 1978;
Ackerman et al., 1990; Hamann et al., 1990) and in some
instances killing larvae by mechanisms that have yet to
be adequately deﬁned (Lee, 1991; Lee and Lee, 2005).
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However, the role of eosinophils in vivo is less well
established. Eosinophils often accumulate and degranulate around tissue-invading helminths (Taliaferro and
Sarles, 1939; Sugane and Oshima, 1982; Daly et al.,
1999; Rajan et al., 2002), but do not necessarily kill
the parasites (Parsons et al., 1993; Dent et al., 1999)
and in some circumstances may even enhance parasite
survival (Dent et al., 1997a,b).
Nippostrongylus brasiliensis is a natural parasite of
mice and other rodents and is useful as an experimental
model because it has a life cycle similar to hookworms
and Strongyloides stercoralis. Larvae can enter the host
through the skin and migrate to the lungs within 24–
48 h. Larvae then move to the small intestine, undergo
ﬁnal maturation into adult worms and produce eggs
(Kassai, 1982). Studies of N. brasiliensis infections in
mice over-expressing IL-5 indicate that eosinophils can
be important for protection during the early stages of
primary infection (Dent et al., 1997b, 1999). Eosinophils
are seen in the skin within 2 h of infection and appear to
be involved in trapping larvae at this site. Compared
with primary infections in wildtype (WT) animals, numbers of lung-stage larvae, intestinal worms and eggs are
signiﬁcantly reduced in IL-5 transgenic mice (Daly
et al., 1999; Dent et al., 1999). It would therefore appear
that if available in suﬃcient numbers, eosinophils can
contribute to protection against some helminths. Rodent
hosts are strongly resistant to secondary N. brasiliensis
infections and although eosinophils are recruited (Ogilvie
and Parrott, 1977; Egwang et al., 1984; Finkelman et al.,
1994; Sakamoto et al., 2004), the mechanism of this
acquired resistance is largely unknown.
Since we had previously established that eosinophils
were protective within the ﬁrst 24 h of infection, in the
current study we investigated the impact of impaired
eosinophilopoiesis on all stages of N. brasiliensis migration and maturation. Both primary and secondary infections were examined in IL-5 / mice and in DdblGATA
mice (Yu et al., 2002; Humbles et al., 2004). IL-5 is the
major growth, diﬀerentiation and survival factor for
eosinophils (Sanderson, 1988; Yamaguchi et al., 1988;
Coﬀman et al., 1989; Dent et al., 1990) and although
IL-5 / mice produce small numbers of normal eosinophils, they do not show tissue eosinophilia in response
to challenge with allergens or parasites (Foster et al.,
1996; Kopf et al., 1996; Matthaei et al., 1997; Vallance
et al., 2000; Ramalingam et al., 2003). DdblGATA mice
have a more profound defect in eosinophilopoiesis due to
a deletion of the double GATA site in the GATA-1
locus and no eosinophils are seen in either untreated animals, in the lungs of mice sensitized to and challenged
with allergen, or in DdblGATA mice expressing the IL5 transgene (Yu et al., 2002; Humbles et al., 2004). This
study shows that mice with defects in eosinophilopoiesis
had impaired resistance to N. brasiliensis in the intestinal
phase of primary infections and in the early pre-lung
phase of secondary infections.

2. Materials and methods
2.1. Animals
Heterozygous male and female CBA/Ca mice with
approximately eight copies of the IL-5 transgene (Dent
et al., 1990), BALB/c mice with approximately 50 copies
of the IL-5 transgene (Dent, 2002) and their WT littermates
were bred in the Laboratory Animal Services facility at the
University of Adelaide. A homozygous targeted IL-5 gene
deletion (IL-5 / ) (Kopf et al., 1996) was backcrossed from
C57BL/6 to the CBA/H background for 20 generations at
the John Curtin School of Medical Research and then
maintained as a closed line at The University of Adelaide.
BALB/c IL-5 / and DdblGATA (Yu et al., 2002) mice
were bred at the John Curtin School of Medical Research,
the latter from foundation stock kindly provided by Drs.
Stuart Orkin and Craig Gerard. All mice were closely
age-matched within experiments. Hooded Wistar rats used
for passage of N. brasiliensis were obtained from Laboratory Animal Services at the University of Adelaide. Animals were handled according to Animal Ethics
Committee guidelines of the University of Adelaide.
2.2. Parasite infection of mice
Nippostrongylus brasiliensis L3 were obtained by the faecal culture method as described previously (Daly et al.,
1999), washed twice in MilliQ water and once in mouse
osmolality PBS (MPBS) (Sheridan and Finlay-Jones,
1977), and each experimental animal received 500 or 750
L3 by either intra-air pouch or s.c. injection, respectively.
L3 were injected at the base of the neck or into air pouches
in the mid-dorsal skin using a 19-gauge needle. Mice in secondary infection groups were injected s.c. with 500 or 750
L3 and 3 weeks later, after clearance of the primary infection, mice were challenged with 500 or 750 L3.
2.3. Recovery of lung larvae
Mice were sacriﬁced by CO2 asphyxiation on day 2 p.i.,
lungs were removed, washed in saline, ﬁnely minced and
incubated in saline at 37 C for at least 2 h to promote larval migration out of lung fragments. Larvae were then
counted using a dissecting microscope.
2.4. Faecal egg counts
Faecal egg counts were performed on day 6 p.i. One
large faecal pellet was collected from each animal and
hydrated in 0.4 ml of saline for 10–15 min before disaggregation. To promote egg ﬂotation, 0.4 ml of saturated
sodium chloride was added. A Whitlock Universal slide
chamber (J A Whitlock & Co., NSW, Australia) was
loaded with the whole sample and total egg counts were
performed at 10· magniﬁcation using a compound light
microscope.
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2.5. Intestinal worm recovery
The small intestine was removed 3 or 7 days p.i., placed
in saline and split longitudinally with sharp scissors. Samples were incubated for at least 1 h at 37 C to encourage
worm detachment from the intestinal wall and total worm
numbers were then counted using a dissecting microscope.
The small intestine was also examined to ensure that
worms still attached to the gut wall were included in
counts.
2.6. Generation and analysis of infections in skin air pouches
Air pouches were generated in the shaved dorsal skin of
anaesthetised mice by s.c. injection of 2.5 ml of ﬁltered air
(0.22 lm ﬁlter, Millipore, Bedford, MA, USA) through a
25-gauge needle. Three days later pouches were re-inﬂated
with 2 ml of sterile air and larvae were injected after a further 2 days. Mice were sacriﬁced by CO2 asphyxiation 0 or
4 h p.i. with 500 L3 and the pouches were lavaged four
times with 2 ml of MPBS using a 19-gauge needle and syringe. Total viable cells in air pouch ﬂuid were enumerated
using trypan blue exclusion and a haemocytometer. Pouch
exudate cells were cytocentrifuged onto glass slides and
stained with Giemsa (BDH Chemicals, Gurr, Australia).
Diﬀerential leukocyte counts were estimated by enumeration of a minimum of 200 cells per sample using oil immersion light microscopy. Recovered larvae were resuspended
in MPBS and counted using a dissecting microscope.
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backgrounds to assess larval retention (Fig. 1) and leukocyte recruitment (Fig. 2) in the skin. Larvae were injected
into air pouches on naı̈ve mice and also on animals infected
21 days previously. Most of the larvae inoculated were
recoverable by lavage immediately after injection, but 4 h
after primary infection, the majority of larvae (80–85%)
had escaped from air pouches in WT, IL-5 / and DdblGATA mice, with no signiﬁcant diﬀerences in larval numbers
between groups (Fig. 1). As shown previously (Daly et al.,
1999) there was signiﬁcant retention of larvae in the skin
4 h p.i. in primary infections of IL-5 Tg mice (Fig. 1A).
Few leukocytes were recovered by lavage at 0 h from
any group, conﬁrming that there was very little residual
or background inﬂammation resulting from the generation
of the air pouches (Fig. 2A and D). However, in both primary and secondary infections, intense inﬂammatory inﬁltrates were detected 4 h p.i. and this was most pronounced
in the IL-5 Tg mice. In all groups sampled at 4 h p.i., neutrophils represented a major component of the cellular
inﬁltrate (Fig. 2B and E). Eosinophils were present in the
skin of both WT and IL-5 Tg mice of both genetic backgrounds (Fig. 2C and F), representing approximately 6–
17% and 40–65% of pouch leukocytes in WT and IL-5
Tg mice, respectively. Eosinophils were signiﬁcantly more
numerous after secondary infection in WT mice (mean +

2.7. Histology
Lungs were removed on day 2 p.i. and the post-caval
lobe (right lung) was taken for histology. One centimetre
lengths of the anterior third of the small intestine were collected on day 7 p.i., ﬁxed in 10% buﬀered formalin and
embedded in paraﬃn. Five lm sections were cut and
stained with H&E and photographed at 40· or 100· magniﬁcation. Eosinophils were enumerated in the small intestine by counting 10 complete villus crypt units (VCU)/
section, selected at random, for each of two mice/group.
2.8. Statistical analysis
Parasite burdens and inﬂammatory leukocyte numbers
were compared between groups using unpaired Student’s
t-tests in Prism (GraphPad Software Inc.) software, with
P < 0.05 considered signiﬁcant.
3. Results
3.1. Larval retention and leukocyte recruitment in infected
skin
Nippostrongylus brasiliensis were injected into dorsal air
pouches on CBA IL-5 / and BALB/c DdblGATA mice
and on WT and IL-5 Tg mice of the corresponding genetic

Fig. 1. Larval retention in skin air pouches during primary infections of
WT (CBA and BALB/c), IL-5 Tg (CBA), IL-5 / (CBA) and DdblGATA
(BALB/c) mice 0 and 4 h p.i. Data shown from a single experiment
(mean + S.E.M., n = 2/group for time 0 and n = 4–5/group for 4 h p.i.),
representative of three similar experiments. All 0 h groups signiﬁcantly
greater than 4 h group of the same genotype. #, Signiﬁcantly greater than
WT and IL-5 / groups (4 h).
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Fig. 2. Total leukocytes (A and D), neutrophils (B and E) and eosinophils (C and F) recovered by lavage of dorsal skin air pouches during primary and
secondary Nippostrongylus brasiliensis infections of WT, IL-5 Tg (CBA and BALB/c), IL-5 / (CBA) and DdblGATA (BALB/c) mice 0 and 4 h p.i. Data
represent mean leukocytes + S.E.M., n = 2/group for time 0 and n = 3–5/group for 4 h p.i. and is representative of three similar experiments. (A) *,
Signiﬁcantly greater than WT primary and IL-5 / primary (4 h); #, signiﬁcantly less than WT secondary and IL-5 Tg secondary (4 h). (C) **,
Signiﬁcantly less than respective WT 4 h groups; #, WT secondary infection signiﬁcantly greater than primary infection; ##, signiﬁcantly higher than
other 4 h groups. (D and F) *, Signiﬁcantly greater than all other primary infection groups (4 h); #, WT secondary infection signiﬁcantly greater than
primary infection; ##, signiﬁcantly greater than all 4 h groups. 0, None detected.

S.E.M., 0.5 + 0.1 · 106 versus 0.15 + 0.03 · 106 eosinophils/pouch for secondary versus primary infections, respectively, P < 0.04). Very few eosinophils were found at the
site of injection in IL-5 / mice and these represented less
than 1% of total leukocytes, regardless of prior infection
(Fig. 2C). No eosinophils were seen in samples recovered
from BALB/c DdblGATA mice regardless of previous
exposure to the larvae (Fig. 2F). Most of the leukocytes
recruited in WT and eosinophil-deﬁcient mice were neutrophils and by 4 h p.i, these cells also represented a major
subset in IL-5 Tg mice. Data for lymphocyte and macrophage recruitment are not shown, as they were not numerous in pouch exudates from any mice. Despite greater
eosinophil recruitment into skin during secondary infections of WT mice (Fig. 2C and F), few larvae were recovered by needle aspiration 4 h p.i. (mean + S.E.M.
13 + 6% of initial inoculum), and similar numbers were
recovered during secondary infections of IL-5 / or
DdblGATA mice (mean + S.E.M. 15 + 3% and 28 + 7%
of initial inoculum, respectively). Similar results were
found in three replicate experiments.
3.2. Lung larval recovery and inﬂammation
The number of larvae found in the lungs 24–48 h p.i. is a
good indicator of anti-parasite resistance in the pre-lung

stage of infections (Daly, 1999; Dent et al., 1999). As
expected in primary infections, IL-5 Tg mice had fewer larvae in the lungs than any other group (Fig. 3). In contrast,
there were no signiﬁcant diﬀerences in the number of larvae
recovered from WT and IL-5 / (Fig. 3A, B) and WT and
DdblGATA (Fig. 3C) mice during primary infections. Few
larvae were found in the lungs of CBA or BALB/c WT and
IL-5 Tg mice during secondary infections, whereas eosinophil-deﬁcient IL-5 / and DdblGATA mice displayed
impaired resistance to secondary infection, with signiﬁcantly more lung larvae than re-challenged WT mice
(Fig. 3). This novel and important ﬁnding strongly suggests
that IL-5 and/or eosinophils are important for early resistance to secondary infection with N. brasiliensis.
Although in primary infections strong inﬂammatory
leukocyte inﬁltrates are seen in the lungs of mice six or
more days p.i. (Coyle et al., 1998; Daly, 1999), few leukocytes were recruited during the period when larvae
were actually present in the lungs (e.g. 48 h p.i., Fig. 4)
and this is in marked contrast to the rapid and extensive
recruitment of leukocytes seen within 4 h of infection of
the skin (Fig. 2). In primary infections, some eosinophils
were present in the lungs of all but the DdblGATA mice,
but were not particularly numerous even in IL-5 Tg mice
and were not localized around larvae. Some macrophages
were present, but were also not in close proximity to the
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larvae (Fig. 4). Surprisingly, lungs from animals undergoing secondary infection were also not particularly rich
in leukocytes by day 2 p.i. and were not substantially
diﬀerent to the lungs of mice exposed to parasites for
the ﬁrst time. This suggests that neither eosinophils nor
other leukocytes are acting within the lungs to trap or
kill larvae and that eosinophil-dependent killing in
primary and secondary infections occurs prior to the
lung stage.
3.3. Intestinal phase of infection

Fig. 3. Lung larval recovery day 2 p.i. of (A) CBA and (B) BALB/c WT, IL5 Tg and IL-5 / and (C) BALB/c WT, IL-5 Tg and DdblGATA mice after
primary or secondary infection with Nippostrongylus brasiliensis. Data
represents mean lung larval burden/mouse + S.E.M. Data for CBA mice
combined from up to eight separate experiments, n = 24–33/group for WT
and IL-5 / groups, n = 12–13 for IL-5 Tg group. Data for BALB/c mice
from one experiment (n = 3–4 mice/group), representative of two similar
experiments. *, Signiﬁcantly less than primary infection group of the same
genotype. #, Primary and secondary IL-5 Tg signiﬁcantly less than
corresponding WT and IL-5 / or DdblGATA groups. , IL-5 / and
DdblGATA secondary signiﬁcantly greater than WT secondary groups.

In WT mice, larvae typically begin arriving in the intestine around days 2–3 p.i. and mature to produce eggs from
days 5–8, with peak production occurring at day 6 and
worm expulsion by day 9 (Kassai, 1982; Dent et al.,
1999). Lung larval numbers had declined by day 3 in both
primary and secondary infections (mean + S.E.M. for day
2 versus day 3 of secondary infections: WT versus IL-5 / ;
WT, 223 + 36 (day 2) and 62 + 5 (day 3) versus IL-5 / ,
270 + 28 (day 2) and 42 + 5 (day 3); and for WT versus
DdblGATA, WT; 69 + 16 (day 2) and 3 + 1 (day 3) versus
DdblGATA, 259 + 34 (day 2) and 4 + 2 (day 3)), suggesting that larvae had begun migrating to the gut. Intestinal
parasite burdens were assessed at day 3 and/or 7 p.i.
(Fig. 5A, B) and egg production on day 6 p.i. (Fig. 5C,
D) in WT and IL-5 Tg mice (CBA and BALB/c strains)
and in CBA IL-5 / and BALB/c DdblGATA mice. While
some larvae did migrate to the gut in secondary infections
of CBA WT mice 3 days p.i., numbers recovered were signiﬁcantly less than in primary infected animals (Fig. 5A).
In contrast, IL-5 / mice had comparable numbers of
worms at day 3 p.i. of primary and secondary infections.
Similar results were found at day 3 of a secondary infection
of DdblGATA mice (mean + S.E.M. intestinal larvae: WT,
9 + 4 versus DdblGATA 27 + 9). Signiﬁcantly higher numbers of eggs were found in eosinophil-deﬁcient mice than in
their WT counterparts during primary infections (Fig. 5C,
D). However, during primary infections of IL-5 Tg mice
and secondary infections of WT, IL-5 Tg, IL-5 / and
DdblGATA mice, few or no worms were present in the
intestine on day 7 p.i. (Fig. 5A, B) and those that were, produced few or no eggs (Fig. 5C, D).
Histological analysis of the small intestine showed
eosinophils were present in the lamina propria and submucosa of the small intestine during both primary and
secondary N. brasiliensis infections of WT and IL-5 Tg
mice (Fig. 6). Signiﬁcantly more eosinophils were seen
in IL-5 Tg than in WT mice (Fig. 7). Although eosinophils were detected in the gut in IL-5 / animals during
both primary and secondary infections, there were significantly less than in the WT counterparts. No eosinophils
were detected in DdblGATA mice (Figs. 6G, H and 7).
Relative to the same time point in primary infections
(day 7 p.i.), eosinophil numbers in the small intestine
were not signiﬁcantly elevated in secondary infections
within any line or strain.
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Fig. 4. Day 2 p.i. lung histology for primary (A, C, E, G) and secondary (B, D, F, H) infections of CBA WT (A, B), IL-5 Tg (C, D), IL-5 / (E, F) and
BALB/c DdblGATA (G, H) mice after infection with Nippostrongylus brasiliensis. H&E, 260· magniﬁcation for main photomicrographs, 330·
magniﬁcation for insets. *, Lung larvae. , Area shown in inset. , Macrophage.

4. Discussion
In this study we have compared WT mice with IL-5 /
and DdblGATA mice to establish that there are relatively
short periods within late primary and early secondary N.
brasiliensis infections when eosinophils are likely to make
especially important contributions. This is consistent with
our previous observations in IL-5 Tg mice, in which we
showed that eosinophils provide protection against primary N. brasiliensis infections (Dent et al., 1997b; Daly
et al., 1999, 2004). The parasite is likely to be most vulnerable to attack by eosinophils shortly after entering the skin,
or at least in the pre-lung phase of the infection. In naı̈ve
WT laboratory animals, eosinophils are generally not
available in suﬃcient numbers to be attracted en masse
to the skin and as expected, the IL-5 / and DdblGATA

mutations had no impact on the rate of migration of N.
brasiliensis to the lungs during primary infections. However, during secondary infections, IL-5 / and the DdblGATA mice were more susceptible than WT animals at the
pre-lung stage. Nippostrongylus brasiliensis larvae seem to
be unharmed by the neutrophils that were recruited in relative abundance in primary infections in all of the hosts
tested. Eosinophil-dependent resistance established in the
skin within just a few hours of exposure to the parasite
did not extend to the lungs 48 h later, where relatively
few leukocytes of any kind were detected during either primary or secondary infections. Eosinophils may also play a
role in the later stages of primary N. brasiliensis infection in
the gut, as there was a signiﬁcant enhancement in adult
worm burden and/or egg production in eosinophil-deﬁcient
IL-5 / and DdblGATA mice compared with WT animals.
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Fig. 5. Day 7 intestinal worm counts (A, B) and day 6 parasite faecal egg production (C, D) during primary and secondary Nippostrongylus brasiliensis
infections of WT, IL-5 Tg (CBA and BALB/c), IL-5 / (CBA) and DdblGATA (BALB/c) mice. (A, B, D) Data represent mean + S.E.M., n = 4–8/group
from a single representative experiment, repeated three times with similar results. (C) Data combined from up to eight separate experiments,
mean + S.E.M., n = 22–30/group for WT and IL-5 / groups, n = 6 for IL-5 Tg group. *, Signiﬁcantly less than primary infection of the same genotype.
#, IL-5 Tg signiﬁcantly less than other primary infection groups. , Primary IL-5 / or DdblGATA group signiﬁcantly greater than primary WT group. 0,
None detected.

However, our data also conﬁrm that if eosinophils and/or
IL-5 do contribute to the expulsion of intestinal worms,
other mechanisms readily and adequately compensate for
the absence of these cells in both primary and secondary
infections.
In their seminal study of N. brasiliensis (previously
known as Nippostrongylus muris) infections in rats, Taliaferro and Sarles (1939) showed that leukocytes are
recruited to the skin during the ﬁrst 24 h after reinfection
and that larvae may be trapped within inﬂammatory nodules at both this site and in the lungs. These workers found
eosinophils in skin nodules within the ﬁrst 24 h after reinfection, but noted that recruitment of these cells was
extensive by day 3 p.i. (Taliaferro and Sarles, 1939). The
current study and our earlier work suggest that if eosinophils are available in suﬃcient numbers, larvae can be trapped
either in the skin, or at least in the pre-lung phase of infection. Importantly, in the present study we have demonstrated that eosinophils contribute to protection against

secondary infections with N. brasiliensis and we have done
so in models that do not rely upon IL-5 transgene-driven
constitutive eosinophilia.
Although IL-5 is a major growth, diﬀerentiation and
survival factor for eosinophils in vivo (Yamaguchi et al.,
1998; Dent et al., 1990; Sanderson, 1990; Vaux et al.,
1990), cytokines such as IL-3 and granulocyte-macrophage
colony-stimulating factor (GM-CSF) also contribute (Sanderson, 1992), as can be seen in IL-5 / mice, which have
low basal levels of eosinophils of normal morphology (Sanderson, 1992; Kopf et al., 1996). We have shown that as N.
brasiliensis passes through the skin and gut in infected IL5 / mice, eosinophils are recruited in very small numbers.
However, eosinophil recruitment in these animals is not
enhanced on secondary exposure to the parasite. DdblGATA mice are unable to produce eosinophils due to deletion of a high-aﬃnity GATA-binding site in the GATA-1
promoter (Yu et al., 2002) and show less airway remodelling than WT mice in an experimental model of allergic
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Fig. 6. Histology of small intestine sampled during primary (A, C, E, G) and secondary (B, D, F, H) infections of CBA WT (A, B), IL-5 Tg (C, D),
IL-5 / (E, F) and BALB/c DdblGATA (G, H) mice after infection with Nippostrongylus brasiliensis. H&E, 260· and 330· magniﬁcation for main
photomicrographs and insets, respectively. , Area shown in inset. , Eosinophil.

asthma (Humbles et al., 2004). In the current study we have
also found no evidence of eosinophil recruitment in
response to either primary or secondary N. brasiliensis
infections in DdblGATA mice. Other GATA-1-expressing
haematopoietic lineages are either unaﬀected (megakaryocytes, platelets and mast cells) or in the case of erythrocytes, only minimally so in these mice (Yu et al., 2002)
and we have also found no additional abnormalities.
IL-5 Tg mice were not the main focus of this study, but
some interesting observations were made that deserve comment. For example, we would expect to see more eosinophils recruited into the skin in a secondary infection relative
to a primary infection and this was found in both CBA
and BALB/c WT mice and in IL-5 Tg BALB/c mice, but
curiously, not in the IL-5 Tg CBA mice. This may be due
to a combination of the eﬀects of strain diﬀerences on
eosinophil recruitment and the consequences of IL-5 Tg

expression. Mechanisms regulating eosinophil recruitment
and survival may be stronger in CBA than BALB/c mice.
Eosinophils are found in larger numbers in the lungs of
both BALB/c and C57BL/6 mice allergic to ovalbumin,
than in similarly treated CBA mice and this may be due
to enhanced eosinophil apoptosis in the latter (Tumes
et al., 2007). It is also worth noting that we can only accurately count leukocytes recruited, but not attached to, larvae. It may be that relative to primary infections, more
leukocytes are recruited to the skin in secondary challenges
of CBA IL-5 Tg mice, but these cells may also be more eﬃciently sequestered onto larvae. Although this should also
happen in secondary infections of BALB/c mice, there
may be an excess of eosinophils recruited in this strain.
This and our earlier studies demonstrate that leukocytes
are recruited into the skin in large numbers within the ﬁrst
hour of infection and this peaks at approximately 4 h p.i.
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Fig. 7. Mean number of eosinophils/villus crypt unit (VCU) + S.E.M. in
sections of small intestine sampled on day 7 p.i. of primary and secondary
Nippostrongylus brasiliensis infections in WT, IL-5 Tg (CBA and BALB/
c), IL-5 / (CBA) and DdblGATA mice (BALB/c) mice. *, IL-5 Tg
primary signiﬁcantly greater than other primary infection groups. #, WT
primary signiﬁcantly greater than IL-5 / or DdblGATA primary groups.
**, IL-5 Tg secondary signiﬁcantly greater than other secondary infection
groups. ##, WT secondary signiﬁcantly greater than IL-5 / or DdblGATA secondary groups. 0, None detected.

(Daly et al., 1999). In contrast, in both primary and secondary infections, very few leukocytes are seen in the lungs
during the period (24–48 h p.i.) in which most of the larvae
are present. Attachment of eosinophils to the parasite is
largely dependent on complement activated via the alternative pathway (Giacomin et al., 2005). Complement activation may also be important for eosinophil recruitment to
the skin via generation of the eosinophil chemoattractants
C3a and C5a. However by the lung stage of a primary
infection, larvae no longer bind complement and eosinophils do not appear to be recruited and/or fail to recognize
larvae at this site (Daly et al., 1999; Giacomin et al.,
2005). Helminths may be capable of minimizing inﬂammation during passage through tissues such as the lungs (Yazdanbakhsh et al., 2001; Maizels et al., 2004), allowing both
the parasite and the host to survive. However, in a recent
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study using microarray analysis, there was no large-scale
downregulation of innate pro-inﬂammatory mechanisms
in the lungs during the ﬁrst few days of N. brasiliensis infection (Reece et al., 2006). Nevertheless, the relative lack of
inﬂammation in the lungs in the ﬁrst 48 h of infection is
especially noteworthy because on entry into the parenchyma, larvae cause extensive focal haemorrhaging. A
more substantial late inﬂammatory response is seen in the
lungs during primary infections of WT rats (Taliaferro
and Sarles, 1939; McNeil et al., 2002) and mice (Daly,
1999; Shinkai et al., 2002), but it is worth noting that this
also does not occur until several days after most larvae
have left this tissue (Daly et al., 1999). Many leukocytes,
including lymphocytes, are recruited at this later stage,
but since the parasite is no longer present and may even
have completed its life cycle, the value of this response to
the host may be largely limited to priming for secondary
and subsequent infections.
IL-4 and IL-13 are variously considered to be the most
important cytokines for expulsion of worms from the gut
but IL-5, IL-9 and IL-25 may also make contributions
(Urban et al., 1998; Daly, 1999; Fallon et al., 2002, 2006;
Zhao et al., 2003). Anti-IL-5 antibody treatment profoundly reduces blood and/or pulmonary eosinophilia in
primary N. brasiliensis infections in WT mice (Coﬀman
et al., 1989; Kopf et al., 1996), however we and others have
not found this to be associated with increased migration of
larvae in primary infections of WT mice (Khan et al., 1995;
Daly et al., 2004). Surprisingly, the eﬀects of deletion of the
IL-5 gene alone on the intestinal phase of N. brasiliensis
infections have not previously been reported. Fallon et al.
(2002) described increased N. brasiliensis worm burdens
and/or delayed rates of clearance during primary infections
of IL-5 / mice of mixed genetic background, but only in
combination with deletions of genes encoding two or more
of the other Type 2 cytokines. Under normal circumstances, eosinophils are present in substantial numbers in
the lamina propria of the small intestine and signiﬁcantly
more are found during and after the intestinal phase of primary N. brasiliensis infections (Dent et al., 1999). In the
present study, we found no obvious increase in the numbers of intestinal eosinophils on rechallenge. Indeed, in
both CBA and BALB/c IL-5 Tg mice, we reproducibly
found less eosinophils in the intestinal epithelium during
secondary infections and this may be due to the diﬃculty
of detecting degranulated eosinophils histologically. However, it is more likely that larvae are either trapped prior
to entry into the gut or expelled more readily and so there
may be less potent stimulation of eosinophil recruitment to
the gut.
It is not clear how eosinophils or IL-5 might contribute
to anti-parasite immunity in the gut, but this may be via
broader physiological responses, including changes to the
epithelium (Madden et al., 2004), mucus secretion (Khan
et al., 1995) and smooth muscle contractility (Zhao et al.,
2003). Larvae that reach the gut of IL-5 Tg mice during
a primary infection fail to grow, do not readily localize
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to the preferred anterior end of the small intestine and do
not produce eggs (Dent et al., 1999). This may be due in
large part to damage incurred in transit to the small intestine, but further damage or impairment of development
may occur after arrival in the gut. The present study suggests that in primary infections of CBA IL-5 / and
BALB/c DdblGATA mice, disruption of eosinophilopoiesis
may be associated with relatively modest increases in intestinal worm and/or egg loads. More signiﬁcantly, by day 3
of secondary infections of WT mice, intestinal larval numbers were substantially lower than in primary infections,
but this enhanced resistance was not seen in IL-5 / or
DdblGATA mice. Nevertheless, by day 7 of secondary
infections, almost no worms or eggs were detected in
WT, IL-5 / or DdblGATA mice. The impairment of
eosinophilopoiesis does adversely aﬀect the early stage of
resistance in a secondary response and this would allow
more larvae to take up residence in the gut. However, IL5 and eosinophil-independent mechanisms completely
compensate for this over days 4–7 p.i., leading to nearcomplete worm expulsion.
Some authors have expressed doubt about the importance of eosinophils in resistance to parasitic helminths
(Lee, 1991; Behm and Ovington, 2000; Meeusen and Balic,
2000; Lee and Lee, 2005), but there is a mounting body of
evidence suggesting that these cells contribute to protection
against at least some species. IL-5 deﬁciency achieved by
either anti-IL-5 antibody treatment or gene disruption,
has been associated with increased susceptibility to Strongyloides ratti (Ovington et al., 1998), Strongyloides venezuelensis (Korenaga et al., 1991), Angiostrongylus cantonensis
(Sasaki et al., 1993), Trichinella spiralis (Vallance et al.,
2000) and Brugia pahangi (Ramalingam et al., 2003), but
not to Mesocestoides corti (Kopf et al., 1996) or Toxocara
canis (Takamoto et al., 1997). Over-expression of IL-5 confers protection against N. brasiliensis (Dent et al., 1997b,
1999) and S. ratti (Dent et al., unpublished data), but not
to M. corti (Strath et al., 1992) or T. canis (Sugane et al.,
1996; Dent et al., 1999) and is actually associated with
increased parasite burdens in primary Schistosoma mansoni
(Dent et al., 1997a) and T. spiralis (Dent et al., 1997b)
infections. It is therefore not possible to generalize about
the value or otherwise, of eosinophils in immunity to a
wide range of tissue-invasive helminth species and caution
must also be exercised when extrapolating to other host
species. Humans infected with tissue-invasive parasitic helminths often have blood and tissue eosinophilia, however
the value of such a response is poorly understood (Klion
and Nutman, 2004). Our own studies have demonstrated
that a beneﬁcial role for eosinophils may not be evident
without close scrutiny of all phases of infection. This
clearly applies to N. brasiliensis, a useful experimental
model for aspects of hookworm and Strongyloides stercoralis infections in humans and this study justiﬁes further
examination of the kinetics of infections for other parasite
species. Although some parasite species may have life
stages that are highly resistant to killing by eosinophils

and indeed may reside without damage in granulomas rich
in these cells, the same parasites may be very susceptible to
eosinophil-mediated killing at other points in the life cycle.
Obviously there is value in determining when parasites are
most vulnerable and what makes them more resistant to
eosinophils and other eﬀector cells. Understanding that
eosinophils can protect against some tissue-invasive parasites as they enter the host through the skin, may be of
key importance for the development of both therapeutic
and vaccine strategies.
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