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SUMMARY

The inflammatory and functional changes that occur in murine
lung after infection with 2500 infective Ascaris suum eggs
were studied in this work. A sequential influx of neutrophils,
mononuclear cells and eosinophils occurred into airways
concomitantly with migration of larvae from liver to the
lungs. Histological analysis of the lung showed a severe intra-
alveolar haemorrhage at the peak of larval migration (day 8)
and the most intense inflammatory cell infiltrate on day 14.
Ascaris L3 were found in alveolar spaces and inside bron-
chioles on day 8. The number of eosinophils was elevated in
the blood on days 8 and 14. The peak of eosinophil influx into
the lung was at day 14, as indicated by the high levels of eosi-
nophil peroxidase activity, followed by their migration into the
airways. The antibody response against egg and larval anti-
gens consisted mainly of 1gGl and IgM, and also of IgE and
anaphylactic IgGl, that cross-reacted with adult worm anti-
gens. Total IgE levels were substantially elevated during the
infection. Measurement of lung mechanical parameters
showed airway hyperreactivity in infected mice. In conclusion,
the murine model of A.suum infection mimics the Th2-
induced parameters observed in pigs and humans and can be
used to analyse the immunoregulatory properties of this
helminth.
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INTRODUCTION

Parasitic infections may be the commonest cause of chronic
infection in humans. In many low income countries, it is
more common to be infected than non-infected (1). Gas-
trointestinal helminth infections are extremely widespread
and contribute significantly to both morbidity and mortal-
ity among humans and livestock in developing countries (2).
Among parasitic helminths, the most prevalent in humans is
Ascaris lumbricoides. It is estimated that around 15 billion
people are infected in the world, mainly in tropical regions,
and although this infection is generally chronic and not
fatal, it is associated with significant morbidity (3). Besides,
other Ascaris species, such as Ascaris suum, also have an
important role in economic loss in infected animals (4).
Studies with A. suum are believed to provide important
information about the biology of other ascarid nematodes,
especially human ascarids.

Ascaris suum is an intestinal roundworm of pigs and its
life cycle is identical to that of A. lumbricoides. Therefore, it
is a useful model for this important human parasite. In the
mouse, the early larval migration behaviour mimics their
behaviour in pigs (5). Briefly, the eggs hatch in the intestine
and larvae penetrate the wall of caecum and upper large
intestine; then, they move to the liver, most likely via the
venous blood stream. After that, the larvae advance to the
lungs where they develop, penetrate the alveolar space and
migrate up the trachea to be swallowed once again, being
eliminated in the faeces.

Recently, some authors provided new evidences that
A. suum frequently infects humans (6-8). These findings,
together with the longevity of infective Ascaris eggs, repre-
sent an important public health issue because of the wide-
spread use of pig manure as a fertilizer, especially in the
United States and Europe (9). It is also important to note
that the pathogenesis of the disease and economic losses in
livestock are to a large extent the result of the effects caused
by migrating larvae (10).
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Ascaris suum infections, as well as other helminth infec-
tions, are characterized by mast cell hyperplasia, eosi-
nophilia, and markedly elevated levels of circulating IgE
(11-13). Elevated levels of anti-parasite IgE and eosi-
nophilia have been associated with increased resistance to
helminth infections and their pathogenesis (14-16). In addi-
tion to the increased number of circulating eosinophils,
an infiltration of these cells can be noted at the site of the
parasite migration and/or in local tissue fluids.

Since the migratory larvae go through the lungs, we
decided to analyse the alterations provoked by them in this
organ. The present work describes the inflammatory and
functional changes that occur in murine lung after infection
with A. suum infective eggs. For this, we determined the
influx of inflammatory cells into BAL and the number of
larvae present in lungs at different days after infection. We
also measured the different isotypes as well as anaphylactic
antibodies in the plasma of infected mice on days 8, 14 and
21. Furthermore, we verified the pulmonary function of
these animals by measurement of conductance and dynamic
compliance 2 weeks after infection.

MATERIALS AND METHODS

Experimental animals

BALB/c mice, weighing 18-22 g, were utilized for this study.
All mice were housed in the COBEA (Brazilian Committee
of Animal Experimentation)-approved animal facilities at
the Butantan Institute. Three-month-old Wistar rats were
used for passive cutaneous anaphylactic reactions. The ani-
mals were on a 12 h : 12 h light-dark cycle and temperature-
controlled environment. They received food and water ad
libitum.

Infection protocol

Ascaris suum adults worms were obtained at a slaughter-
house (FISA, Itapecerica da Serra, SP, Brazil) and eggs were
collected from the uteri of females as previously described
(17). The eggs were isolated from the worm’s uterus and cul-
tured to the infective stage in 0-1 N H,SO, for 45 weeks, at
room temperature, under light protection. Groups of 4-5
mice were inoculated by the intragastric route (with the help
of a plastic cannula) with 0-2 mL of egg suspension contain-
ing 2500 infective eggs, and afterwards with 0-1 mL of H,O
to remove the remaining eggs out of the syringe and needle.

Recovery of larvae from lungs

The recovery of A. suum larvae was performed individually
based on a protocol previously described (18). Briefly, the
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tissue sample immersed in 3 mL of saline (38°C) was mixed
with 3 mL of 2% agar solution (Difco, Bacto-Agar, Detroit,
MI) and poured equally onto horizontal trays (lid of a
microtitre plate, 8-0 cm x 12:0 cm x 0-8 cm) with disposable
cloths. After the agar gel had solidified, the cloths with the
adhering agar gels were placed in a vertical position in a
conic tube filled with 45 mL of 0-9% warm saline and incu-
bated at 37°C, overnight. After this incubation, the material
was further incubated at 4°C for 24 h. The cloths with agar
were discarded, the suspension was centrifuged at 200 g for
15 min, at 4°C, and the volume reduced by aspiration to
3-5mL (depending on the amount of sediment). The
number of larvae was counted with an inverted microscope
at 10x magnification.

Bronchoalveolar lavage (BAL)

Mice were killed by an overdose of chloral hydrate. The
tracheas were cannulated and the airway lumen was washed
with 2 x 0-5 mL of PBS. The resulting BAL fluids were cen-
trifuged at 170 g, for 10 min. The cell pellet was resuspended
in 300 uL of PBS for cell counts. Total cell counts were per-
formed in a haemocytometer using Trypan blue solution
and differential cell counts in cytocentrifuge preparations
were stained with HEMA-3 (Biochemical Sciences Inc.,
NJ, USA).

Eosinophil peroxidase assay

The eosinophil peroxidase (EPO) activity in lung homoge-
nates was measured according to a method described earlier
(19). Briefly, after perfusion with 10 mL of PBS, lungs were
removed, weighed and homogenized to give a 5% (wt/vol)
suspension in Hank’s balanced salt solution (HBSS) and
centrifuged (1500 g, 10 min). After lysis of red blood cells,
the pellet was homogenized in HBSS + 0-5% hexadecyltri-
methylammonium bromide (Sigma Chemical Co, St. Louis,
MO, USA) and frozen/thawed three times using liquid
nitrogen. The lysate was centrifuged (1500 g, 4°C, 10 min)
and the supernatant was used for EPO assay. To measure
the enzymatic activity, the supernatant was placed in a
96-well plate (150 uL/well) followed by the addition of
75 uL of substrate (1:5 mm OPD and 6:6 mm H,O, in 0-05 M
Tris-HCI, pH 8-0). After 30 min at room temperature, the
reaction was stopped by the addition of 75 uL of sulphuric
acid and absorbance of the samples was determined at
492 nm.

Histology of lungs

Infected BALB/c mice were sacrificed on day 8 or 14 and the
lungs were removed. The lungs were fixed in formaldehyde
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and dehydrated gradually in ethanol (70%, 90%, 100%). After
the dehydration, they were immersed in paraffin, sliced and
haematoxylin-eosin stained. Non-infected mice were used as
control groups.

Preparation of Ascaris antigens

The A. suum crude extract (ASC) was prepared as previ-
ously described (20). In summary, live worms mixed with
borate-buffered saline pH 8-0 were homogenized in an Ultra
Turrax apparatus and stirred overnight at 4°C. After centrifug-
ation and dialysis of the supernatant against distilled water
for 24 h at 4°C, it was centrifuged again, aliquoted and
lyophilized. Egg and larval extracts were obtained by
sonication for 10 min on ice, at 100 Hz™! and 6 pulses/sec
(Sonics & Materials Inc., Danbury, CT). The eggs were
previously treated with 5% sodium hydrochloride. After
sonication, the suspension was spun at 15 000 g for 30 min
at 4°C. The supernatant was harvested and kept at —20°C
until use.

Measurement of antibody isotypes

Antibodies of different isotypes were measured by ELISA
in plasma from infected and naive mice. ELISA plates
(Nalgene Nunc Int. Co, Rochester, NY, USA) were coated
with 1 g of antigen extracts from different stages of the
A. suum life cycle in 0-05 M carbonate buffer, pH 9-5. The
plates were incubated at 4°C overnight, and washed three
times with PBS containing 0-05% Tween 20 (PBS/T). The
wells were blocked with 200 uL of PBS containing 5%
skimmed milk for 2 h at 37°C. After a new cycle of washing
with PBS/T, serial dilutions of the plasma were added and
incubated for 1 h at 37°C. After the incubation, the wells were
washed three times with PBS/T and 100 uL of peroxidase-
conjugated rat monoclonal antibodies (mADb) against mouse
W, Y1, y2a, v2b or y3 chains were added. The reactions were
developed with 0-5wM sodium citrate, pH 5:0, containing
5:5 mm o-phenylenediamine (OPD — Sigma Chemical Co,
St. Louis, MO, USA) and 0-6 mm H,O,. The plates were
read at 492 nm on an automated ELISA reader (Titerteck-
Multiskan, Flow Laboratories, Helsinki, Finland). The
results were expressed as the difference obtained between
the absorbance of infected and naive plasma. A similar
procedure was followed to measure total serum IgE except
for the use of 1 ug of rat anti-mouse IgE mAb to coat the
plates and peroxidase-conjugated rat anti-mouse € chain
mADb. The amount of IgE was determined by referring to a
standard curve of mouse IgE. All the mAb against mouse
Ig were developed in the Experimental Immunology Unit
(UCL, Brussels) and are commercially available (Serotec,
Kidlington, UK or Zymed Laboratory, San Francisco, CA).
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Passive cutaneous anaphylaxis (PCA)

Plasma levels of anti-ASC IgE and anaphylactic IgG1 were
measured by passive cutaneous anaphylaxis (PCA), as pre-
viously described (21). PCA reactions were performed in
mice (for IgG1) or rats (for IgE), using a sensitization period
of 2 or 24 h, respectively. Each animal was shaved on the
back and received intradermal injections of serial dilutions
of pooled plasma from each group. After the sensitization
period, challenge was performed intravenously by injection
of 250-500 pug of ASC in 0-25% Evans blue solution. The
PCA titre was expressed as the reciprocal of the highest
dilution that produced a lesion of more than 5 mm in diameter
in triplicate tests. Variation of the PCA titre for the same
sample between different triplicate tests was two-fold or
less, as previously reported (22,23). The detection threshold
of the technique was established at 1: 5 dilution to avoid
positive reactions due to a non-specific degranulation of
mast cells.

Measurement of airway responsiveness

Conductance of the respiratory system (Grs) and dynamic
compliance (Crs) were monitored in anaesthetized, trache-
ostomized, and ventilated mice in a Harvard 683 apparatus
(Harvard Apparatus, South Natik, MA). Different doses of
methacholine (0-01-10 mg/kg) were administered via a silastic
catheter tied into the jugular vein and data were stored at
0-5, 1, 2, 3 and 4 min after agonist injection. Whole body
plethysmograph pressure (from which changes in lung vol-
ume were derived) and tracheal pressure were transduced by
differential pressure transducers. The outputs were ampli-
fied and transferred to a computer in which 16 consecutive
breaths were stored to average one data-point. The Grs and
Crs response to each agonist dose was expressed as percent-
age of baseline value obtained before the next dose of ago-
nist. The results were analysed over a range of 40-80% of
reduction in Crs and Grs. The percentage of reduction
chosen to compare the groups depended on the sensitivity of
each parameter (that represented the response of different
compartments of the lung) to the agonist and the slope of
the log dose—peak response curve to methacholine varied for
each mechanical parameter according to the experimental
model. The dose of methacholine required to reduce Grs
to 70% (ED 70%) and Crs to 40% (ED 40%) of their control
values was chosen as our data-point.

Statistical analysis

Values were expressed as means * standard deviation.
Parametric data were evaluated using one-way analysis of
variance, followed by the Tukey test for multiple comparisons.
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Nonparametric data were analysed by the Mann—Whitney
U-test (PRISM 3-0). The differences were accepted as
significant for P < 0-05.

RESULTS

Ascaris suum infection augments the influx of
inflammatory cells into lungs and airways

In order to determine how A. suum infection influences pul-
monary inflammation, we characterized the kinetics of cell
migration into lungs and airways during 49 days after infec-
tion. These results were compared with the kinetics of larval
migration into the lungs. In BALB/c mice infected with 2500
eggs, the number of larvae (L3) found in the lungs was
79-44 + 2556 on day 8 and declined rapidly to almost zero
until day 14 (data not shown). The peak of larval migration
was followed by an intense local inflammation. The total
number of cells in BAL fluid (Figure 1a) was significantly
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Figure 1 Kinetics of airway inflammation in Ascaris suum-infected
mice. BALB/c mice were infected with 2500 infective eggs, and
total (a) and differential (b) cell migration were analysed in the
BAL fluid during the infection. Data represent the mean + SEM
for four mice/group. The results are representative of two repeats.
*P < 0-05 compared with non-infected group (day 0).
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Figure 2 Measurement of EPO activity in lung tissue from Ascaris
suum-infected mice. BALB/c mice were infected orally with 2500
infective eggs and sacrificed 8, 14 or 21 days later. The EPO activity
was determined in the homogenate of the lung tissue. The results
represent the mean + SEM absorbance for five animals/group.

*P < 0-05 compared with non-infected group (day 0). #P < 0-05
compared with other experimental groups. The results are
representative of two repeats.

increased after day 10, reached a maximum on day 14 and
declined to the control levels after 4 weeks. The differential
cell counts (Figure 1b) showed a first influx of neutrophils,
followed by mononuclear cells, and then by eosinophils into
BAL. The greatest numbers of each of these cell types were
found on days 10, 14 and 21, respectively.

To investigate the accumulation of eosinophils in the lung
tissue, the presence of EPO was evaluated on days 8, 14 and
21 (Figure 2). EPO activity was increased in infected lungs
from day 8 until day 21, but on day 14 was significantly
higher than at the other time-points.

Table 1 also shows more circulating eosinophils in blood
samples on days 8 and 14 after infection, being correlated
with the peak of eosinophils in lung tissue and in BAL fluid.
Mononuclear cells and neutrophils remained unchanged in
the blood at the same time-points.

Detailed histological analysis of the lung from infected
mice showed a severe intra-alveolar haemorrhage and an
inflammatory cell infiltrate around the bronchioles on day 8
post-infection (Figure 3b). After 2 weeks, the inflammatory
cell infiltrate was much more intense (Figure 3¢). Ascaris L3
were found in the alveolar spaces (Figure 3d) and inside the
bronchioles only at 8 days of infection.

Specificity of antibodies stimulated in infected mice

The profile of antibody isotypes against adult worm, egg
and larval antigens was determined on days 8, 14 and 21 in
plasma from infected mice. As shown in Figure 4, IgG1 and
IgM antibodies reacted with egg and larval antigens, IgGl
being more reactive against L3. The same isotypes reacted
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Table 1 Percentage of leucocytes in the blood of Ascaris suum-infected mice

Cell type Non-infected mice Infected mice* (8th day) Infected mice (14th day)
Mononuclear 76:6% 66-2% 67-8%

Neutrophil 23-0% 28-8% 25-8%

Eosinophil 0-4% 5:0%%* 6-4%*

4BALB/c mice infected with 2500 embryonated eggs of Ascaris suum were bled at different time-points after infection and leucocytes were
counted in blood smears stained with H/E (n = 5 mice/group). * P < 0-001 compared with control group (non-infected mice).

Figure 3 Histological alterations of lung
tissue after Ascaris suum infection.
Representative lung section from normal
(a) or infected mice after 8 (b) or 14 days (c),
showing severe intra-alveolar haemorrhage
(b) and intense inflammatory cell infiltration
(c). Larvae in the alveolar space on day 8 of
infection (d). H/E staining.

also with adult worm extract, indicating a cross-reactivity
among the antigens of all stages of the A. suum life cycle. A
robust IgM response was observed during the whole
infection. When plasma from naive mice were added to the
ELISA plates an absorbance of < 0-1 was obtained in the
IgM assay and of < 0-05 in the assays for the other isotypes,
indicating the antigen specificity of the antibodies detected
in infected plasma.

Ascaris suum infection up-regulates the secretion of
anaphylactic antibodies

In the above tested plasma, the levels of anaphylactic
antibodies were measured by ELISA (total IgE) and by PCA
(antigen-specific IgE and anaphylactic IgG1). The amount
of total IgE rose from < 0-04 ug/mL in non-infected mice to
6-87 £ 0-49 pg/mL in infected mice on day 8, 8-59 = 1-01 ug/
mL on day 14, and 2166 £ 0-11 pg/mL on day 21. The same

© 2006 The Authors

kinetics was observed in antigen-specific IgE (Figure 5a)
and anaphylactic IgG1 (Figure 5b) antibody production
detected by PCA after ASC challenge.

Airway hyperreactivity is increased in infected mice

To measure the influence of A. suum infection on pulmo-
nary function, airway hyperreactivity was evaluated regard-
ing conductance (Grs) and dynamic compliance (Crs). The
effect of the nematode infection on the mechanical para-
meters of the respiratory tract was evaluated by a dose—
response curve to methacholine, 14 days after infection
with 2500 infective eggs of A. suum. Values of Crs, which
represents peripheral airway responsiveness, and Grs, which
represents central airway responsiveness, were obtained by
volume, airflow and pressure data. The results presented in
Figure 6 are expressed as the log of the dose of metha-
choline that reduced to 40% and 70% the baseline values of
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Figure 4 Profile of antibody production in Ascaris suum-infected
mice. ELISA plates were coated with extracts from adult worms
(ASC), eggs, L1, L2 and L3 larvae, and incubated with plasma from
infected mice obtained after 8 (a), 14 (b) or 21 (c) days, followed by
rat mAb against mouse isotypes. Data represent the increase in
absorbance of pooled infected plasma above naive plasma at

1 : 20 dilution (five animals/group). The results are representative
of three repeats.

Crs and Grs, respectively. In infected BALB/c mice lower
doses of the agonist were required to reduce Crs (Figure 6a)
and Grs (Figure 6b) compared with control group (non-
infected mice), indicating an acute response when the
agonist was administered.
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Figure 5 Anaphylactic antibody production in Ascaris suum-
infected mice. IgE (a) and anaphylactic IgG1 (b) antibody titres
were obtained by PCA in rats and mice, respectively, sensitized
with plasma from infected mice and challenged with ASC. The
PCA titre represents the highest dilution of pooled plasma that
induced a positive reaction (> 5 mm of diameter) in a triplicate
test (dotted line, detection limit of the assay). The results are
representative of three repeats.

DISCUSSION

The ability of nematodes to modify the host’s immune
response has been an area of considerable research interest.
An attempt to understand the relationship between these
parasites and their hosts could elucidate the mechanisms of
immune regulation involved in this interaction, contributing
to the development of vaccines and novel therapeutic
approaches in areas where helminth infections are endemic.
In this study, we analysed the antibody immune response
and pulmonary damage induced during Ascaris suum
infection with regard to the influx of inflammatory cells
into lungs and the changes to pulmonary function.

Our data showed that concomitantly with migration of
L3 larvae to the lungs, infiltrating leucocytes, which con-
sisted of mononuclear and polymorphonuclear cells, were
found in lung tissue and in BAL fluid. The rise in neutrophil
and eosinophil numbers in BAL fluid of infected mice was
dramatic (more than 2800-fold) compared with non-
infected mice, whereas mononuclear cell numbers increased
only 2-fold. Circulating eosinophils were the only type of
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Figure 6 Effect of Ascaris suum infection on airway responsiveness.
Two weeks after infection, mice were intravenously injected with
different doses of methacoline and results expressed as doses
required to reduce dynamic compliance (Crs) (a) to 40%, and
conductance (Grs) (b) to 70% of their control values. Horizontal
bars represent the mean values. ¥ P < 0-01 compared with
non-infected mice. The results are representative of two repeats.

leucocytes that increased substantially in the blood during
the second week of infection. In addition, histology con-
firmed the extent of haemorrhage grossly evident that
accompanied the peak of larval migration on day 8. The
same pattern of cell infiltration and focal haemorrhage was
observed in the lungs of rats infected with embryonated
A. suum eggs (24). Haemorrhage was also detected in the
lungs of dogs, guinea pigs, mice and humans infected with
other types of helminths (25-28).

In our model, the peak of eosinophils in the infected lung
tissue was at day 14, as demonstrated by the highest levels
of EPO present at this time-point, followed by eosinophil
migration into the airway lumen (peak at day 21 in BAL
fluid). EPO is one of main components of eosinophil gran-
ules, a cationic protein representing approximately 25% of
total granular content, and a specific component to these
cells (29). The eosinophilia commonly observed in blood
and tissues is a major hallmark of helminth infections,

© 2006 The Authors
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especially during the invasive stages of the parasite (30). Such
eosinophilia is also observed in Ascaris suum infections, as
documented by this and other studies in the native host
(31,32). The presence of eosinophils in helminth-infected
individuals is associated with IgE production and mast cell-
mediated hypersensitivity, indicating the activation of the
Th2 system (33). In our model of Ascaris-infected mice,
serum IgE levels as well as ASC-specific IgE and anaphylactic
IgG1 also increased substantially until day 21. These results
indicate that the early larval stages of the worm developed
in the murine model contain allergens capable of inducing
anaphylactic antibodies that cross-react with allergens of
adult worms. In this sense, we have previously purified and
characterized an allergenic protein from adult worms which
is also present in eggs and in L2 and L3 larvae (34).

Th2 cells, eosinophilic inflammation and elevated levels of
IgE are mostly associated with airway hyperresponsiveness
to specific and nonspecific stimuli (35). As we demonstrated
here, Ascaris-infected mice were hyperreactive to a bron-
choconstrictor (methacholine), showing a reduction of
mechanical lung parameters such as conductance and
dynamic compliance. This reduction may well be correlated
with the presence of anaphylactic antibodies induced by the
larvae, since we have previously demonstrated that IgE and
anaphylactic IgG1 enhance eosinophilic inflammation and
airway hyperrresponsiveness (36,37). In children living in a
highly endemic area for ascariasis, ongoing inflammatory
processes and high IgE levels specific for an Ascaris allergen
(ABA-1) appear to associate with natural immunity to this
helminth (38).

Besides IgE and IgG1, the predominant isotype produced
in the antibody response against A. suum was IgM. Accord-
ing to Crandall and Crandall (39), there is a 10- to 20-fold
increase in serum concentrations of IgM during the second
week of A. suum infection in BALB/c mice, 50% being
precipitated by Ascaris extract. Inhibition studies showed
that this IgM has a phosphorylcholine specificity. The protective
role of IgM in defence mechanisms against larval Strongy-
loides stercoralis and Brugia pahangi has been demonstrated
in mice lacking all B cells, Bl cells or circulating IgM
(40,41). But, at least in the filarial infection, this protective
IgM does not seem to be directed against phosphorylcho-
line (41). Nothing has been published with regard to other
nematodes.

Other interesting results that we obtained in our Ascaris-
infected mice (CS Enobe ef al., manuscript in preparation)
were the suppression of the antibody response to a non-
related antigen and of the inflammatory leucocyte migration
induced by bacterial lipopolysaccharide. It has been pro-
posed that helminth infections can protect from allergic
diseases (42,43), eliciting in some experimental models a
regulatory (CD4*CD25*Foxp3*) T cell population that
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down-regulates allergen-induced lung pathology (44, our
unpublished results). Epidemiological studies, however, have
yielded conflicting results (45,46). Lynch and collaborators
(47) reported that low-level intestinal helminth infections
can contribute to the clinical symptoms of asthma in an
endemic situation via a response to the parasite and/or a
potentiation of the response to environmental allergens.
Our data, taken together, show that the murine model of
Ascaris infection is an adequate tool to further analyse the
immunomodulatory capacities of helminths.
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