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1. Introduction

ABSTRACT

Expulsion of adult Nippostrongylus brasiliensis worms from the small intestine is profoundly impaired in
signal transducer and activator of transcription (STAT)6-deficient mice. IL-5 transgenic (Tg) mice with
constitutive eosinophilia show profound early resistance in the skin and/or later pre-lung phase of pri-
mary infections with N. brasiliensis. This study was designed to assess the importance of the eosinophil
chemokine eotaxin and the STAT6/interleukin (IL)-4/IL-13 signalling pathway in early resistance to N.
brasiliensis. Eosinophil recruitment into the skin following injection of N. brasiliensis larvae was reduced
in STAT6- or eotaxin-deficient/IL-5 Tg double mutant mice. While ablation of eotaxin did not impair
resistance in the pre-lung phase of N. brasiliensis infections in IL-5 Tg mice, elimination of STAT6 caused
a modest reduction in resistance in both primary and secondary infections on this genetic background.
STAT6~/~-, IL-13~/~- and IL-4Ra~/~-deficient single mutant and IL-13~/- /IL-4Ra~/~ double mutant mice
were more susceptible than WT mice during the pre-lung phase of secondary N. brasiliensis infections. In
contrast, primary or secondary resistance were unaffected at either the pre-lung or gut stages of infection
in eotaxin~/~ single mutant mice. STAT6~/~ and eotaxin~—/~ mice with or without the IL-5 transgene, were
no more susceptible than WT or IL-5 Tg mice to protracted primary infections with Heligmosomoides
bakeri, a parasitic nematode that is restricted to the gut. Our data suggest that parasitic nematodes that
transit through the skin and lungs en route to the gut may be susceptible to early (pre-lung) innate and
adaptive immune mechanisms that are dependent on the STAT6/IL-4/IL-13 signalling pathway, and this
may be important for the development of effective therapies and vaccines.

© 2009 Elsevier Ltd. All rights reserved.

guinea pig lungs after aerosol challenge with ovalbumin, and was
found to induce eosinophil accumulation in the skin (Jose et al.,

Eosinophils are typically involved in allergies, asthma and par-
asitic helminth infections and in most instances, their roles are
controversial and not well understood. Eosinophil numbers are
often elevated in the peripheral blood and in tissues infected by
parasitic helminths. Complement is important for the very early
recruitment of eosinophils, when larvae first enter the skin, but
other factors begin to mediate eosinophil recruitment within the
first 3 h of infection (Giacomin et al., 2008). In experimental mod-
els of asthma, the recruitment of eosinophils into the lungs is largely
dependent on the chemokine eotaxin, which has a high degree of
specificity for this leukocyte subset (Collins et al., 1995; Gonzalo
et al., 1996; Mattoli et al., 1997). Eotaxin was first identified in
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1994). Eotaxins are constitutively expressed in a range of tissues,
including the lungs, gut and some lymphoid tissues (Matthews et
al., 1998; Zimmermann et al., 2000) and can be induced via the
IL-4/IL-13/signal transducer and activator of transcription (STAT)6
signalling pathway (Zimmermann et al., 2003), in airway smooth
muscle cells (Moore et al., 2002) and human fibroblasts (Mochizuki
etal., 1998).Induction of eotaxin expression by IL-4 and/or IL-13 and
subsequent recruitment of eosinophils has been associated with
allergen-induced pathology in the lungs and large intestine (Kweon
etal.,2000). In eotaxin-deficient mice, basal tissue eosinophil levels
are reduced (Mould et al., 1997), allergen-induced recruitment of
eosinophils into the lungs is impaired (Rothenberg et al., 1997) and
these mice are less susceptible to gastrointestinal allergy (Hogan et
al.,, 2000).

The intestinal phase of Nippostrongylus brasiliensis infections has
been intensively studied to determine the factors and pathways
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required for expulsion of adult worms (Lawrence et al., 1996; Urban
et al., 1998, 2001). Less attention has been given to host resistance
mechanisms that might operate in other tissues. Eosinophils are
recruited to the jejunum after N. brasiliensis larvae arrive in the
lumen (Dent et al., 1999) and there is some evidence to suggest that
these leukocytes may provide protection in the intestinal phase of
primary infections (Knott et al., 2007). However, the skin is the site
of entry for a number of helminthic parasites of humans and our
previous work suggests that innate immune mechanisms can be
protective from the early skin and pre-lung stages of N. brasiliensis
infections. More broadly, the pre-lung phase of infection may rep-
resent a promising avenue for the prevention of some helminth
infections (Daly et al., 1999; Knott et al., 2007; Giacomin et al.,
2008).

The IL-4/IL-13/STAT®6 signalling pathway is necessary for expul-
sion of worms from the small intestine and IL-4Ra and STAT6 in
particular, have been shown to be most important (Urban et al.,
1998). This pathway may in part provide protection against N.
brasiliensis via the induction of eotaxin and subsequent recruit-
ment of eosinophils to the gut, but possibly also in earlier stages
of the infection. In the present study, we investigated the kinetics
of infections with N. brasiliensis and with another intestinal nema-
tode, Heligmosomoides bakeri, in mice genetically deficient in either
eotaxin-1, STAT6, IL-13 or the IL-4 receptor (R)a, or both IL-13 and
the IL-4Ra, as well as mice over expressing an IL-5 transgene but
lacking STAT6 or eotaxin. Cellular immune responses were assessed
during both primary and secondary nematode infections. For N.
brasiliensis infections, particular attention was given to the early
skin response and larval migration to the lungs.

2. Materials and methods
2.1. Animals

Heterozygous male and female BALB/c mice with approximately
49 copies of the IL-5 transgene (derived by greater than 20 back-
crosses from CBA/Ca line Tg5C2, abbreviated IL-5 Tg (Dent et al.,
1990)) and their wildtype (WT) littermates were bred in the Med-
ical School Animal House of the University of Adelaide. BALB/c
eotaxin-1-deficient (eotaxin-1-/=) (Mishra et al., 1999) and STAT6-
deficient (STAT6~/~) (Kaplan et al., 1996) mice either with or
without the IL-5 transgene, IL-13-deficient (IL-13~/~) (McKenzie
et al, 1998), IL-4 Ra-deficient (IL-4Rac~/~) (Noben-Trauth et al.,
1997) and IL-13/IL-4Ra double-deficient (IL-13~/~ /IL-4Rac~/~ ) mice
were bred at The John Curtain School of Medical Research, Aus-
tralian National University. 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. All animals were handled according
to the guidelines of the University of Adelaide Animal Ethics
Committee.

2.2. Parasitological techniques

2.2.1. Parasite maintenance

Infective N. brasiliensis third stage larvae (L3) were obtained by
the faecal culture method after passage through Hooded Wistar
rats as described previously (Daly, 1999), washed twice in MilliQ
water and once in mouse osmolality phosphate buffered saline
(MPBS) (Sheridan and Finlay-Jones, 1977). L3 were injected sub-
cutaneously (s.c.) at the base of the neck (750L3/mouse) or into air
pouches (500L3/mouse) in the mid-dorsal skin using a 19-gauge
needle. Mice in secondary infection groups were injected s.c. with
750 L3 for lung and intestinal analyses or 500 L3 for air pouch exper-
iments and 3 weeks later, after clearance of the primary infection,
mice were challenged with 750 or 500 L3 respectively.

Infective H. bakeri (previously known as H. polygyrus; Cable et
al., 2006) L3 were also obtained by the faecal culture method, but
passage was performed in BALB/c mice using oral gavage of infective
L3. Larvae were stored at 4°C until used, and each experimental
animal received 200 L3 by oral gavage.

2.2.2. Parasite recovery from tissues

N. brasiliensis lung larvae (L4) were recovered from animals on
day 2 postinfection (p.i.) as previously described (Knott et al.,2007).
Faecal egg counts (6-27 days p.i. for N. brasiliensis and at various
time points from 13 to 116 days p.i. for H. bakeri) and intestinal worm
burdens (day 7 p.i. for N. brasiliensis and days 41 and 117 p.i. for H.
bakeri) were also performed as previously described (Giacomin et
al,, 2005; Knott et al., 2007).

2.3. Generation of skin air pouches

Air pouches were created in the shaved dorsal skin of anaes-
thetised mice, as described previously (Daly et al., 1999; Giacomin
et al., 2008). Briefly, 2.5ml of filtered air was subcutaneously
injected to inflate the skin. Three days later, pouches were re-
inflated with 2 ml of sterile air and after a further 3 days, 500 L3
were injected/mouse. Air pouches were lavaged 3-4 times with
2ml of MPBS, 0 and 4h after injection of larvae. The viable cells
and larvae recovered were enumerated and differential leukocyte
counts were estimated from cytocentrifuged samples, with a min-
imum of 200 cells counted per sample using oil immersion light
microscopy.

2.4. Histology

Lungs were removed on day 2 p.i. and the post-caval lobe (right
lung) was taken for histology. Small intestines were removed on
day 7 p.i. and as previously described (Dent et al,, 1999) a 1cm
piece from the duodenum was taken for sectioning. Tissues were
fixed in 10% buffered formalin and embedded in paraffin. Five wm
sections were cut and stained with haematoxylin & eosin (H & E),
counted and/or photographed at 20x objective magnification.

2.5. Statistical analysis

Parasite burdens and inflammatory leukocyte numbers were
compared using the non-parametric Kruskal-Wallis (KW) test, fol-
lowed by Mann-Whitney (MW) U post hoc testing or parametric
two-way ANOVA followed by Bonferroni post hoc testing in Prism
Version 5.01 (GraphPad Software Inc., La Jolla, CA, USA). In all tests
P<0.05 was considered significant.

3. Results

3.1. Larval retention and leukocyte recruitment in skin air
pouches

Larvae were injected into dorsal skin air pouches and primary
and secondary inflammatory responses were assessed in WT, IL-5
Tg, IL-13-/=, IL-4Rac~/~, IL-13~/~ /IL-4Ro.~/~, STAT6~/~, STAT6~/~ /IL-
5 Tg, eotaxin-1-/~ and eotaxin-1~/=/IL-5 Tg animals 0 and 4h
after infection. Larvae were recovered from the air pouch lumen,
however, at 4h p.i. there were no significant differences between
groups and 6-42% of the inoculum was recovered per group (data
not shown). As previously reported (Daly et al., 1999), the total
number of cells recovered from each group at Oh was minimal
(mean<2 x 108 cells/mouse). Total cell numbers recovered from
air pouches at 4h p.i. in secondary infections of mice carrying the
IL-5 transgene were similar to or slightly greater than those seen
during a primary infection (2-6 x 106 total leukocytes/mouse). In



2716 M.L. Knott et al. / Molecular Inmunology 46 (2009) 2714-2722

both primary and secondary infections, similar total pouch leuko-
cyte numbers were recovered from mice deficient in IL-13, IL-4Ra,
STATS, eotaxin-1 and WT mice (1.8-4.3 x 106 total leukocytes). The
total number of neutrophils did not vary greatly either between pri-
mary and secondary infections within strains, or between strains
(1-4 x 106 total neutrophils).

As expected, eosinophils were recruited in large numbers 4 h
p.i. in IL-5 Tg mice in both primary and secondary infections (Fig. 1)
and there was a significant effect between strains. Higher numbers
of eosinophils were recovered from air pouches of mice carrying
the IL-5 transgene than in other groups in both primary and sec-
ondary infections, but this was reduced if eotaxin-1 was absent
(Fig. 1A). Relative to primary infections, a significant increase in
eosinophil recruitment occurred in secondary infections in the
absence of either IL-4Ra or IL-13, but not when both were deleted
(Fig. 1B). Further, during secondary infections, eosinophil numbers
were reduced in IL-5 Tg mice lacking STAT6 (Fig. 1C). Lymphocytes
and macrophages were not a prominent feature of the inflamma-
tory infiltrate and no notable differences were seen between groups
(data not shown).

3.2. Lung larval recovery and cellular response

To further investigate the potential importance of eotaxin-1,
IL-13, IL-4 and STAT6 in resistance to primary and secondary N.
brasiliensis infections, we assessed the capacity of larvae to migrate
to the lungs by day 2 p.i. (Fig. 2) and the inflammatory infiltrate
induced (Fig. 3). Lung larval numbers typically peak by day 2 p.i. in
primary infections of WT mice. Within a host type, there were sig-
nificant reductions in lung larval burdens in primary vs. secondary
infections for all lines except IL-4Ro~/~ and IL-13~/~/IL-4Ro~/~
(Fig. 2A-C). During secondary infections of IL-13~/~-, IL-4Ra=/-,
IL-13~//IL-4Roc~/~ and STAT6~/~ mice, significant numbers of lar-
vae reached the lungs, i.e. unlike in infections in WT mice, larvae
were not trapped in the pre-lung stage of infection (Fig. 2B and
(). Eotaxin-1~/~ mice had similar lung larval burdens to WT mice
in both primary and secondary infections (Fig. 2A). During pri-
mary and secondary infections of eotaxin-1-/-/IL-5 Tg mice, larval
numbers were low and at comparable levels to those found in IL-
5 Tg mice (Fig. 2 A). In both primary and secondary infections,
STAT6~/~/IL-5 Tg mice had slight but significantly increased num-
bers of lung larvae, relative to those detected in single mutant
IL-5 Tg controls, but were still substantially more resistant than
WT mice (Fig. 2C). All groups had a modest cellular inflamma-
tory response in the lungs at day 2 p.i., with few eosinophils
present (Fig. 3 and not shown). As previously reported (Knott et
al., 2007), expression of the IL-5 transgene did not substantially
increase cell recruitment to the lungs at this stage of either pri-
mary or secondary infections (data not shown). Relative to WT
(Fig. 3A and B) mice, an absence of eotaxin (Fig. 3C and D) or STAT6
(Fig. 3E and F) did not impair cell recruitment in either primary or
secondary infections. IL-13-/~, IL-4Ra~/~ and IL-13~/~/IL-4Ro~/~
mice had similar lung histology to STAT6~/~ mice (data not
shown).

3.3. Intestinal phase of infection

While much work has been done to investigate the roles of IL-13,
IL-4 and STAT6 during the intestinal phase of primary N. brasiliensis
infections (Urban et al., 1998; Madden et al., 2002, 2004; Sakamoto
et al., 2004), little has been published on the significance of this
pathway during secondary infections. Further, the role of eotaxin in
recruiting eosinophils to the gut during N. brasiliensis infections has
not been characterised. In primary infections of many WT mouse
strains, larvae and worms typically localise in the anterior end of
the small intestine from 3 to 9 days p.i. and eggs are produced from
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Fig. 1. Eosinophils recovered by lavage of air pouches during primary (1°) and sec-
ondary (2°) N. brasiliensis infections of WT (A-C), IL-5 Tg (A and C), eotaxin-1-/-,
eotaxin-1-/=[IL-5 Tg (A); IL-13/-, IL-4Rac~/~, IL-13~/~ [IL-4Rac~/~ (B); STAT6~/~ and
STAT6-/~[IL-5 Tg (C), mice 4 h p.i. 500 L3/mouse for both 1° and 2° infections. Data
represent mean eosinophils/pouch lavage + SEM, n=6-9/group. Significant effect
between strains (KW test: for (A) H=22.81, P=0.0018; (B) H=24.6, P=0.0009; (C)
H=36.55,P<0.0001). *: Significantly different to 1° infection of the same line. # Sig-
nificantly different from all other 1° infection groups. ": Significantly different from
all other 2° infection groups. (A) **: Significantly different to 1° eotaxin-1-/-/IL-5 Tg
group. (B)##: 1° WT and 1° IL-13~/~significantly different. (C) ~*: Significantly differ-
ent from 1° IL-5 Tg group. ###: 1° WT and 1° STAT6~/~[IL-5 Tg groups significantly
different (MW post hoc tests, P<0.05). Data combined from 2 separate experiments.
WT groups in (B) and (C) are from the same experiments.
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Fig. 2. Recovery of N. brasiliensis lung larvae during primary (1°) and secondary (2°)
infections of WT (A-C), IL-5 Tg (A and C), eotaxin-1-/~ and eotaxin-1-/-/IL-5 Tg (A),
IL-13-/~, IL-4Ra~/~, IL-137/= /IL-4Ra~/~ (B), and STAT6~/~ and STAT6/~/IL-5 Tg (C)
mice on day 2 p.i. 750 L3/mouse for both 1° and 2° infections. Mean number of
lung larvae recovered/mouse + SEM, n = 3-8 mice/group. Significant effect between
strains (KW test (A) H=27.81, P=0.0002; (B) H=19.37, P=0.0071; (C) H=48.76,
P<0.0001). *: Significantly different from 1° infection of the same line. #: Signif-
icantly different from all other 1° infection groups. ***: Significantly different from
all other 1° infection groups without an IL-5 transgene. “: Significantly different from
all other 2° infection groups. ~*: Significantly different from 2° WT group. (A) **: 2°
eotaxin-1-/~ and 2° eotaxin-1-/-/IL-5 Tg significantly different. (C) ##: Significantly
different from 1° STAT6-/-/IL-5 Tg group (MW post hoc tests, P<0.05). Data in (A)
and (B) from a single experiment and WT data is the same. Data in (C) combined
from 2 separate experiments.

days 6 to 8 p.i. We assessed egg production on day 6 p.i. in both
primary and secondary infections. During primary infections, eggs
were detected in all strains not carrying an IL-5 transgene. During
primary infections of IL-5 Tg, eotaxin-1-/~/IL-5 Tg and STAT6~/~/IL-
5 Tg animals, few to no eggs were detected (mean <400 eggs/gram
of faeces compared with mean+SEM =7400+4200 eggs/gram of
faeces in WT animals) and none were seen in secondary infections
of these IL-5 Tg strains or in WT mice.

Parasite egg production was monitored from days 6 to 27 p.i. dur-
ing primary and secondary infections of WT, IL-13~/~, IL-4Ra.~/~,
IL-13~/~/IL-4Roc~/~ and STAT6~/~ mice to assess worm persistence
and fecundity. During primary infections, eggs were numerous in all
but WT mice until day 10 and slowly declined from day 14 (Fig. 4),
with small numbers of eggs recovered until at least days 17-21 in
all knockout lines (data not shown). During secondary infections,
eggs were not detected in WT mice on any day, however, eggs were
found in all knockout lines until at least day 14 p.i. (Fig. 4). In a
separate experiment, egg production was monitored in eotaxin-
1~/ mice from days 6 to 8 p.i. of a primary infection. As with
WT control animals, no eggs were detected in eotaxin-1-/~ mice
after day 7 (mean + SEM eggs/gram faeces for WT and eotaxin-1-/~
groups 4644 +2171/mouse and 6926 + 2289/mouse respectively on
day 7).

Worm numbers were evaluated on day 7 p.i. in mice with
primary and secondary infections (Fig. 5). Overall, there was a
significant effect between strains for primary vs. secondary infec-
tions, but when comparing only primary infections, eotaxin-1-/-,
STAT6~/~, IL-13~/~, IL-4Rae~/~ and IL-13~/~/IL-4Ra~/~ animals had
similar numbers of worms to WT mice. Also during primary infec-
tions, mice carrying the IL-5 transgene, with or without the deletion
of eotaxin or STAT6, had markedly reduced worm numbers rel-
ative to WT mice. On day 7 of secondary infections, no or few
worms were recovered from WT, IL-5 Tg and eotaxin-1-/~ mice
either with or without the IL-5 transgene as a second mutation
(Fig. 5A). These and other data for eotaxin-1-deficient mice, sug-
gest that this chemokine may not be critical for protection during
the intestinal phase of N. brasiliensis infections. Interestingly, all
other groups tested (STAT6~/~ +IL-5 Tg, IL-13~/~, IL-4Ra~/~ and
IL-13-/~/IL-4Rac~/~) had between 15 and 115 worms on day 7 of
secondary infection (Fig. 5B and C). Notably, deletion of STAT6
did negatively impact on both primary and secondary resistance
conferred by over-expression of IL-5 (Fig. 5C). These data also
demonstrate that even during secondary challenge in the absence
of the IL-4/IL-13/STAT6 signalling pathway, although worm col-
onization and/or fecundity are impaired, worm expulsion is also
delayed.

We evaluated eosinophil numbers in the small intestine on day
7 p.i. by enumerating eosinophils/villus crypt unit in both pri-
mary and secondary infections (Fig. 6). There was a significant
effect between groups and as expected in both primary and sec-
ondary infections, IL-5 Tg mice had more eosinophils/VCU than all
other groups (Fig. 6A and C). While mice deficient in eotaxin-1
did have eosinophils present in the small intestine in both pri-
mary and secondary infections, during the latter, numbers were
reduced relative to WT mice (Fig. 6A). Mice deficient in eotaxin but
also carrying the IL-5 transgene had significantly reduced num-
bers of eosinophils compared with IL-5 Tg mice with a normal
eotaxin gene. STAT6~/~/IL-5 Tg mice also had reduced numbers
of eosinophils compared with IL-5 Tg mice (Fig. 6C) and these
data suggest that during an intestinal parasitic helminth infection,
eosinophil recruitment in the gut is regulated at least in part by
eotaxin via a STAT6-dependent mechanism. Other lines of knockout
mice without IL-5 transgene expression had similar or slightly less
eosinophils than WT animals in both primary and secondary infec-
tions, with the greatest negative affect seen in primary IL-4Roc~/~
mice (Fig. 6B).
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and F) mice. 150 x magnification and scale bars represent 100 wm. H & E staining. *: Larvae.
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Fig. 4. Parasite egg production was monitored over days 6-27 p.i. in WT, IL-13~/~, IL-4Ra~/~, IL-13~/=/IL-4Ra.~/~ and STAT6~/~ mice during primary (1°) and secondary (2°)
N. brasiliensis infections. n=6-12 mice/group. (A) The interaction between 1° or 2° infection and day was significant (two-way ANOVA, Fs4622 =7.37, P<0.0001), indicating
that the difference in egg numbers was dependent on strain and infection (1° or 2°). *: Significantly different from 1° WT on the same day. #: Significantly different from 1°
infection of the same line on the same day (Bonferroni post hoc tests, P<0.05). Data combined from 2 separate experiments. 0 =none detected.

3.4. H. bakeri infections

While it has long been known that some strains of WT mice (e.g.
BALB/c, CBA, A/J, C3H and C57BL/6) can become chronically infected
with the intestinal nematode H. bakeri, the roles of eosinophils and
recruitment pathways for these cells have not been investigated. We
infected WT, IL-5 Tg, eotaxin-1-/~, eotaxin-1-/-/IL-5 Tg, STAT6~/~
and STAT6~/~/IL-5 Tg mice with approximately 200 H. bakeri L3
and monitored egg production over 116 days (Fig. 7). There were
no obvious differences in parasite egg numbers between any of the
groups over the time course and egg production was still evident
in all strains at the end of the experiment. Worm numbers on day
41 and 117 p.i. were also similar in all groups (data not shown).

These data suggest that eotaxin, eosinophils and the STAT6 sig-
nalling pathway do not play a significant role in host protection
during primary H. bakeri infections.

4. Discussion

Eosinophils can be important for early protection during pri-
mary and secondary N. brasiliensis infections (Daly et al., 1999;
Knottetal.,,2007; Giacomin et al., 2008). We have previously shown
that complement plays a role in the recruitment of eosinophils in
the first 30 min of infection, but seems to be less effective by 150 min
(Giacomin et al., 2008). In the current study, we have demonstrated
that recruitment of eosinophils to both the skin and small intestine
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for both 1° and 2° infections. n=3-9 mice/group. (A-C) Significant effect between
strains (KW test (A) H=45.37, P<0.0001; (B) H=26.06, P=0.0005; (C) H=49.93,
P<0.0001). *: Significantly different from 1° infection of the same line. #: Signif-
icantly different from all other 1° infection groups. ##: Significantly different from
all other 1° infection groups without an IL-5 transgene. *: Significantly different from
all other 2° infection groups. (C) **: Significantly different from 1° WT group (MW
post hoc tests, P<0.05). Data in (A) and (C) combined from 2 separate experiments
and WT groups are the same. Data in (B) from a single experiment.
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Fig.6. Mean number of eosinophils/villus crypt unit (VCU) + SEM in sections of small
intestine sampled on day 7 p.i. of primary (1°) and secondary (2°) N. brasiliensis
infections in WT (A-C), IL-5 Tg (A and C), eotaxin-1-/- and eotaxin-1-/~/IL-5 Tg (A),
IL-13-/-, IL-4Ra~/=, IL-13~/~ [IL-4Rac~/~ (B), STAT6~/~ and STAT6~/~/IL-5 Tg (C) mice
infected with 750 L3 for both 1° and 2° infections. Eosinophils were counted in 10
villi from each of 2 mice/group. There was a significant effect of strain (KW test
(A)H=55.76,P<0.0001; (B) H=33.43,PP<0.0001; (C) H=45.36, P<0.0001). *: Signif-
icantly different from 1° infection of the same genotype. #: Significantly different
from all 1° infection groups. “: Significantly different from all 2° infection groups. ##:
Significantly different from 2° WT group. **: Significant difference between groups,
as indicated (MW post hoc tests, P<0.05). WT (A and C) and IL-5 Tg (A and C) data
are the same.
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in response to N. brasiliensis infections is impaired in the absence of
eotaxin-1. Nevertheless, secondary host resistance in the pre-lung
stage of infection is unaffected by eotaxin-1 deficiency and strong
primary resistance is also conferred by IL-5 transgene expression in
the absence of this chemokine. This suggests that other mechanisms
must compensate in eosinophil recruitment and protection in the
absence of eotaxin-1.In contrast, ablation of STAT6, IL-4Ra and IL-13
seems to have some impact on primary resistance in both the pre-
lung and intestinal phases of infection, with more larvae migrating
to the lungs and prolonged parasite egg production in animals lack-
ing these gene products. STAT6 deficiency was also deleterious in
the IL-5 Tg background, though the effect was relatively modest. An
absence of these factors during secondary N. brasiliensis infections
resulted in a reduction in pre-lung and in some instances, intesti-
nal resistance. In contrast, the kinetics of H. bakeri infections were
unaltered by IL-5 Tg expression or deletion of eotaxin or STATS,
suggesting that these elements of the immune response contribute
little to controlling this intestinal parasite.

IL-4, IL-13, STAT6 and IL-5 play major roles in the pathogenesis
of asthma and allergies (Wardlaw and Kay, 1987; Foster et al., 1996;
Dent et al., 1997b; Dent, 2002; Zimmermann et al., 2003). IL-4 and
IL-13 promote mucus hypersecretion in asthmatic lungs (Li et al.,
1999; Webb et al., 2000) and may also contribute to airways hyper
reactivity and remodelling (Webb et al., 2000). IL-4, the IL-4Ra and
STAT6 are crucial for the expulsion of adult N. brasiliensis worms
from the small intestine and an absence of these factors results in
prolonged primary infections (Urban et al., 1998; Fallon et al., 2002,
2006). STATS6 is also crucial for expulsion of adult Trichinella spiralis
worms from the small intestine (Khan et al., 2001). IL-5, IL-9 and
IL-25 may make additional important contributions to expulsion
of N. brasiliensis from the gut during primary infections (Khan et
al., 2001; Fallon et al., 2002, 2006). Sakamoto et al. (2004) have
shown impaired resistance in mice deficient in STAT6 during sec-
ondary infections. In the latter study, eggs were detected in C57BL/6
STAT6~/~ animals until day 21 post secondary infection, whereas we
detected egg production for 17 days p.i.in BALB/c STAT6~/~ animals.
In both instances, in the absence of STAT6, worm retention and egg
output were prolonged in primary and secondary infections. In this
study we have also now shown for the first time that deletion of
IL-13 and/or the IL-4Ra also results in persistence of worms and
production of eggs during secondary infections.

While others have interpreted the impact of STAT6 and IL-4 dele-
tions to be at the level of the gut, our data suggest that deficiency
also impacts much earlier, during the pre-lung phase. Damage
inflicted at this stage may limit later colonization of the gut. Most

importantly, during secondary infections, more lung larvae were
detected in IL-13-, IL-4Ra- or STAT6-deficient animals than in WT
animals. Our data suggest that in secondary infections, an absence
of any of these factors facilitated migration of significant numbers
of larvae to the lungs and this outcome was not due to poor recruit-
ment of eosinophils to the skin.

In humans, three members of the eotaxin family (eotaxin-1, -2
and -3) have been described, whilst in the mouse only eotaxin-1 and
-2 have beenreported (reviewed in (Rothenberg and Hogan, 2006)).
Eotaxins are highly specific for the recruitment of eosinophils, and
the chemokine receptor for the eotaxins is CCR-3 (Kitaura et al.,
1996). Eosinophils are recruited into the skin by injection of guinea
pig eotaxin (Jose et al., 1994). Eotaxin-1 is expressed at high basal
levels throughout the length of the intestine as well as the heart,
kidney and pancreas, and at lower levels in the liver, lungs and
ovaries (Garcia-Zepeda et al., 1996; Ponath et al., 1996). Eotaxin-2
is primarily expressed in the jejunum and spleen (Zimmermann et
al., 2000). Mice deficient in eotaxin-1 as well as mice treated with a
neutralizing monoclonal antibody show a reduction in the number
of eosinophils in the lungs after induction of allergy (Rothenberg et
al,, 1997; Gonzalo et al., 1998; Matthews et al., 1998). Mice with a
deletion of the CCR3 gene, but not eotaxin-2-deficient mice, have
fewer eosinophils in the gastrointestinal tract (Humbles et al.,2002;
Pope et al., 2005). The expression of eotaxin is upregulated in the
airways of mice over-expressing IL-4 in the lungs and also following
intranasal administration of recombinant IL-4, and this is depen-
dent on STATG6 signalling (Zimmermann et al., 2000). Eotaxin levels
are increased in the blood (Hossny et al., 2001) and in skin lesions
in atopic dermatitis in humans (Yawalkar et al., 1999). In a mouse
model of atopic dermatitis, CCR-3 was found to be essential for
eosinophil recruitment into the skin (Ma et al., 2002) and eotaxin
was detected in skin lesions (Oshio et al., 2009). Therefore we might
expect a reduction in eosinophil recruitment to skin and the small
intestine in eotaxin-1-/~ mice infected with intestinal helminths.

Although eosinophil recruitment to the skin was similar in
WT and eotaxin-1-/~ mice in both primary and secondary infec-
tions, deletion of eotaxin-1 did reduce eosinophil recruitment into
infected skin in IL-5 Tg mice. Nevertheless, the eosinophils that
were recruited or other factors that are unique to IL-5 Tg mice would
appear to have been sufficient to provide potent protection, as few
parasites were seen in the lungs of eotaxin-1-/~/IL-5 Tg animals
during primary or secondary infections.

In primary infections with N. brasiliensis, IL-5-deficient ani-
mals have significantly higher egg and worm burdens than WT
mice (Knott et al.,, 2007), suggesting that eosinophils in the gut
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may make some contribution to worm expulsion. In the present
study we have shown that there were less eosinophils/VCU in the
small intestines of eotaxin-1-/~ than in WT mice on day 7 p.i. of
secondary infections, but surprisingly, no difference was detected
during primary infections. While eotaxin-1-/~/IL-5 Tg animals had
more eosinophils present in small intestines than WT mice during
primary infections, numbers were significantly less than in IL-5 Tg
mice, suggesting that recruitment in this context was at least par-
tially dependent on eotaxin-1. In eotaxin-1-/~ mice, parasite eggs
were not detected past day 8 in primary infections and during sec-
ondary infections, few intestinal worms were detected. Where few
larvae successfully migrate to or colonise the intestine, there are
likely to be less of the inflammatory stimuli that might contribute
to the recruitment of eosinophils. This is the most likely explana-
tion for therelatively low intestinal eosinophil numbers seen during
secondary infections in eotaxin-1-/=, WT and IL-5 Tg mice. So while
eotaxin-1 does contribute to the recruitment of eosinophils into
N. brasiliensis-infected gut, any role that eosinophils might play in
worm expulsion, is not dependent on this chemokine.

Our data also indicate that alternative eosinophil recruitment
pathways can partially compensate for the absence of eotaxin-1.
Although eotaxin-1 is a specific recruitment factor for eosinophils,
other molecules can also induce the recruitment of these cells in
vitro and/or in vivo, including eotaxin-2 (Zimmermann et al., 2000),
platelet activating factor (PAF) (Wardlaw et al., 1986), the comple-
ment proteins C3aand C5a (Daffernetal., 1995; DiScipio et al., 1999;
Giacomin et al.,2008), macrophage inflammatory protein (MIP)-1c,
regulated upon activation in normal T cells expressed and secreted
(RANTES) (Alam et al., 1993) and monocyte chemo-attractant pro-
teins (MCP)-2 and -3 (Noso et al., 1994). It is likely that one or more
of these factors can assist the recruitment of eosinophils and other
leukocytes into the skin during secondary N. brasiliensis infections
of eotaxin-1~/~ mice. Disruption of the CCR-3 gene dramatically
reduces jejunal eosinophilia in response to T. spiralis infections, but
some eosinophils are detected within the caecum in infected ani-
mals, suggesting that alternative mechanism/s can compensate in
recruitment in the absence of eotaxin and other chemokine lig-
ands of this receptor (Gurish et al., 2002). Future investigations of
eosinophil recruitment in response to intestinal nematodes should
address the presence of alternative and compensatory recruitment
factors within the first few hours of exposure, as well as in the gut
phase of infection.

When WT, IL-5 Tg, eotaxin-1-/~ +IL-5 Tg and STAT6~/~ £1L-5Tg
mice were infected with H. bakeri, an intestinal nematode which can
reside in hosts for months during a primary infection, we saw no
obvious differences in faecal egg numbers over 116 days of primary
infection. Therefore over-expression of IL-5, which confers strong
resistance to N. brasiliensis (Daly et al., 1999; Dent et al., 1999; Knott
et al.,, 2007 and this study), does not protect against H. bakeri. In
this longer term parasite model, eotaxin-1 and the STAT6 signalling
pathway also do not play important roles in host protection. This is
most likely due to the different lifecycles of the two parasites, with
N. brasiliensis migrating through the skin, lungs and small intestine,
whereas H. bakeri spends its life only in the small intestine. Impor-
tantly, H. bakeri is also immunosuppressive (Pritchard et al., 1984;
Pritchard and Behnke, 1985; Crawford et al., 1989) and in this con-
text, eotaxin and STAT6 may have little potential to contribute to
parasite expulsion.

This study contributes to the characterisation of the cells,
cytokines and chemokines that are responsible for protection in
the early pre-lung stage of N. brasiliensis infections. Our data sug-
gest that eotaxin-1 does not play an essential role in protection in
the pre-lung or intestinal phases of primary or secondary infec-
tions. However, our most novel and important finding is that IL-4,
IL-13 and STAT6 not only play important roles in adult worm expul-
sion, but also in protection during the early pre-intestinal stages

of secondary infections. Current treatments for intestinal helminth
infections often target adult worms, but we have now shown that
at least for parasite species that enter the host through the skin, the
pre-lung stage might prove to be a more useful focus for vaccines
and/or development of new treatment strategies.
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