
INFECTION AND IMMUNITY, Mar. 2006, p. 1471–1479 Vol. 74, No. 3
0019-9567/06/$08.00�0 doi:10.1128/IAI.74.3.1471–1479.2006
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Eosinophils are frequently found in increased numbers in a variety of chronic fibrotic diseases; however,
their role in the development of hepatic fibrosis has not been dissected in vivo. Here, we used interleukin-5
(IL-5) knockout (KO) mice to determine whether eosinophils contribute to the progressive liver fibrosis that
develops in response to chronic Schistosoma mansoni infection. Although infection intensities were similar in
C57BL/6 and IL-5 KO mice, the average size of granulomas was significantly smaller in both acutely and
chronically infected IL-5 KO mice. Their granulomas were also completely devoid of eosinophils. In addition,
the knockout mice displayed over a 40% reduction in hepatic fibrosis by week 16 postinfection. The reduced
fibrosis was associated with increased production of the antifibrotic cytokine gamma interferon. Moreover,
although IL-13 production did not decrease consistently in the absence of IL-5, IL-13-triggered responses were
substantially reduced in the granulomatous tissues. This was confirmed by analyzing the expression of several
genes associated with alternative macrophage activation, including arginase 1, Fizz-1, and YM-1. Importantly,
all of these IL-13-regulated genes have been linked with the mechanisms of wound healing and fibrosis. In
addition to IL-5 polarizing the antigen-specific CD4� Th2 cell response, we found that granuloma eosinophils
were themselves a significant source of IL-13. Thus, by producing profibrotic mediators and polarizing the Th2
response, these findings illustrate both direct and indirect roles for eosinophils and IL-5 in the pathogenesis
of schistosomiasis-induced liver fibrosis. Thus, inhibiting the activity of IL-5 or eosinophils may prove effective
for a variety of chronic fibrotic diseases.

The helminth parasites Schistosoma mansoni and Schistosoma
japonicum are a major cause of hepatic fibrosis in tropical coun-
tries. Together, over 200 million people are infected with these
parasites. Upon penetration through the skin, S. mansoni cercar-
iae mature to schistosomula and migrate to the liver and mesen-
teric veins, where the adult parasites lay eggs. Some eggs migrate
to the lumen of the bowel and are excreted, while others are
trapped in the liver and induce a strong Th2-polarized cytokine
response, which triggers the formation of eosinophil-rich granu-
lomas. Pathological sequelae of infection include severe hepatic
fibrosis that can lead to portal obstruction, liver malfunction, and,
ultimately, fatal hematemesis (27, 37).

In mice, S. mansoni worms induce an early Th1-type cyto-
kine response. However, pathological fibrosis is due to the
chronic production of Th2 cytokines in response to the parasite
eggs that are produced in large numbers. Interleukin-4 (IL-4)
is important for the initiation of Th2-type cytokine responses
during schistosomiasis (6), while IL-13 is the key mediator of
fibrosis (7, 8). It is well established that IL-5 is an important
mediator of eosinophil progenitor expansion in the bone mar-
row and survival in the periphery (2, 10, 20, 29, 30). They are
also the most abundant cell type within S. mansoni-induced
granulomas (23). Interestingly, mice with a targeted deletion of
the IL-5 gene (IL-5 knockout [KO] mice) have normal levels of
eosinophils in the blood and bone marrow and have no defects

in T-cell-dependent antibody responses or in cytotoxic T-cell
development (19). In contrast, transgenic mice that overex-
press IL-5 have increased serum levels of immunoglobulin,
increased numbers of B-1 cells, autoantibody production,
and persistent eosinophilia (11, 33). Surprisingly, despite
their abundance, the contribution of eosinophils and IL-5 to
the progression of S. mansoni-induced liver fibrosis remains
unclear.

In the present study, we investigated whether IL-5 and/or
eosinophils regulate the development of egg-induced pathol-
ogy in the liver. To do this, we exposed IL-5-deficient mice to
S. mansoni cercariae and examined their immune responses
and pathologies at both acute and chronic time points postin-
fection. We also performed granuloma studies in the lung to
determine whether there were any anatomical or model-spe-
cific differences in the activity of IL-5.

MATERIALS AND METHODS

Animals, parasite infections, and antigen preparations. Six- to 8-week-old
female mice deficient in IL-5 on a C57BL/6 background were bred at the NIH.
Age- and sex-matched C57BL/6 mice were obtained from Taconic. All animals
received humane care according to the criteria outlined in the Guide for the Care
and Use of Laboratory Animals (NIH publication 86-23, revised 1985) (24a). S.
mansoni eggs for intravenous injection were extracted from the livers of infected
mice (Biomedical Research Institute, Rockville, MD). Mice for examination of
hepatic pathology were infected percutaneously through the tail with 25 to 30
cercariae of a Puerto Rican strain of S. mansoni (Naval Medical Research
Institute) obtained from infected Biomphalaria glabrata snails (Biomedical Re-
search Institute). Soluble egg antigen (SEA) was purified from homogenized S.
mansoni eggs as described previously (4). All animals were perfused at the time
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of sacrifice to determine worm and tissue egg burdens as described previously
(4).

Histopathology and fibrosis. The sizes of pulmonary and hepatic granulomas
were determined in histologic sections stained by Wright’s Giemsa stain (Histo-
path of America, Clinton, MD). The percentages of eosinophils, mast cells, and
other cell types were evaluated microscopically in the same sections. The num-
bers of schistosome eggs in the liver, eggs per worm pair, and total worm pairs
and collagen content of the liver, determined as hydroxyproline, were measured
as described previously (4). The same individual scored all histologic features
without knowledge of the experimental design.

Purification and analysis of eosinophils. Eosinophils were isolated from the
livers of S. mansoni-infected C57BL/6 mice. Single-cell suspensions were prepared
from liver homogenates following a collagenase I (40 �g/ml) and DNase I (2 �g/ml)
digestion at 37°C for 45 min. The digested mixture was passed through a 100-�m cell
sieve and washed in phosphate-buffered saline, and the leukocyte fraction was
enriched over 38% isotonic Percoll. After the Percoll step, ammonium chloride and
potassium bicarbonate lysing buffer was used to remove any contaminating red blood
cells. Eosinophils were subsequently isolated with a MiniMACS column using the
Siglec-F–phycoerythrin monoclonal antibody (MAb) (BD Biosciences-Pharmingen,
San Diego, CA) (32). The purity of the eosinophil fraction (�95%) was determined
by flow cytometry and confirmed microscopically by fast green staining (Sigma) of
cytospin preparations using standard protocols. Nonfractionated cells and Siglec-F-
negative and Siglec-F-positive fractions were used to prepare total RNA for real-
time PCR analysis according to the RNeasy animal cell I protocol provided by the
manufacturer or placed in culture for 72 h to examine cytokine production.

Lymphocyte culture and cytokine detection by ELISA. Spleen, lung-associated
lymph nodes (LALN) (periaortic and mediastinal), and mesenteric lymph nodes
(infection model) were removed aseptically, and single-cell suspensions were
prepared (4). Cultures were incubated at 37°C in a humidified atmosphere of 5%
CO2. Cells were stimulated with SEA (20 �g/ml), concanavalin A (ConA) (1
�g/ml), soluble worm antigen preparation (50 �g/ml), or medium alone. Super-
natant fluids were harvested at 72 h and assayed for cytokine production. Gamma
interferon (IFN-�), IL-4, and IL-13 were measured by two-site enzyme-linked
immunosorbent assay (ELISA) as previously described (4). IFN-� levels were
measured using purified anti-mouse IFN-� capture (catalog no. 551216; Pharm-
ingen) and biotin-labeled detection antibodies (catalog no. 554410; Pharmin-
gen). IL-4 levels were determined using DUOSET reagents supplied by Gen-
zyme (Cambridge, MA), and IL-13 levels were measured using a capture ELISA
kit supplied by R&D Systems (Minneapolis, MN) according to the manufactur-
er’s instructions. Cytokine levels were tested in duplicate, and standard curves
were generated using recombinant murine cytokines. The same culturing condi-
tions and stimuli were used for the purified granuloma-associated eosinophil
preparations.

Isolation and purification of RNA and real-time PCR. Lung and liver tissues
were homogenized in Trizol reagent (Invitrogen, Carlsbad, CA), and total RNA
was extracted according to the recommendations of the manufacturer. The
purified eosinophil preparations were directly lysed in RLT buffer provided with
the RNeasy kit (QIAGEN). Real-time reverse transcription-PCR (ABI Prism
7900 sequence detection system; Applied Biosystems) was used to determine
relative quantities of mRNA for several cytokine, cytokine receptor, and fibrosis
genes using SYBR green PCR master mix (ABI) after reverse transcription of 1
�g of RNA. The amount of PCR product was determined by the comparative
cycle threshold method as described by Applied Biosystems for the ABI Prism
7700/7900 sequence detection systems, in which each sample was normalized to
hypoxanthine phosphoribosyltransferase and expressed as a severalfold increase
or decrease versus the average value for naı̈ve controls.

Statistics. Although total hepatic fibrosis increases with infection intensity,
hepatic fibrosis per egg or per worm pair decreases with increasing intensity of
infection. Therefore, these variables were compared by analysis of covariance
using the log of total liver eggs as the covariate and the log of hydroxyproline per
egg. Variables that did not change with infection intensity were compared by
one-way analysis of variance or by Student’s t test. Changes in cytokine mRNA
and protein expression and granuloma size were evaluated by Student’s t test.
Results were considered significant if the P value was �0.05.

RESULTS

Pulmonary granulomatous inflammation is reduced in the
absence of IL-5. Our initial experiments examined whether
schistosome egg-induced inflammation was altered in the lungs
of IL-5 KO mice. We also examined whether the pulmonary

eosinophil response was regulating IL-13 production, as was
recently suggested in a related mouse asthma study (21). Mice
were sensitized by intraperitoneal injection of 5,000 mature
and viable schistosome eggs and then challenged intravenously
2 weeks later with the same dose of eggs. Eggs lodge in the lung
and induce a vigorous inflammatory response that peaks
around day 8 postchallenge (36). As expected, eosinophils
were the predominant cell type found in the granulomas of
wild-type (WT) mice, with percentages ranging between 60 and
80% (Fig. 1A). In marked contrast, granulomas that formed in
most IL-5 KO mice were almost completely devoid of eosino-
phils (P � 0.001). These observations were somewhat unex-
pected, since other studies have suggested that the deletion of
both IL-5 and eotaxin is required to ablate tissue eosinophil
responses in the lung (21). The average size of granulomas was
also significantly decreased in the IL-5 KO mice (40% smaller;
P � 0.001) (Fig. 1B). In the absence of IL-5, the predominant
granuloma-associated cell type was the macrophage, which
displayed a 20 to 25% increase over the percentages found in
WT granulomas (data not shown).

IL-5 and eosinophils polarize type 2 responses in the lung.
LALN cells and splenocytes were isolated from the egg-chal-

FIG. 1. Granuloma formation is reduced in the lungs of IL-5 KO
mice. WT C57BL/6 and IL-5 KO mice were sensitized with S. mansoni
eggs and then challenged intravenously 2 weeks later. (A) The animals
were sacrificed on day 8, and the average percentage of eosinophils in
pulmonary granulomas was assessed in individual WT (n � 25) and
IL-5 KO (n � 36) mice. (B) The average granuloma size was also
determined. The data shown are the individual averages of 30 granu-
lomas/mouse, and the bar denotes the average of all mice. (C) Real-
time PCR was used to quantify the expression of procollagen 1 mRNA
in the granulomatous tissues (n � 14 mice per group). The data shown
are severalfold increases over naı̈ve mice. Asterisks indicate a signifi-
cant difference (��, P � 0.01; ���, P � 0.001) between WT and IL-5
KO animals.
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lenged mice and stimulated in vitro with mitogen or soluble
egg antigen. IFN-�, IL-13, and IL-4 were assayed in the culture
supernatants as markers of type 1 and type 2 responses. Sig-
nificant quantities of IL-4 and IL-13 were detected in both
groups following stimulation with ConA or SEA (Fig. 2). How-
ever, there was a slight but significant decrease in IL-4 and
IL-13 in the LALN cultures prepared from IL-5 KO mice. This
was also associated with a modest but consistent increase in
IFN-� production in both the spleen and draining lymph
nodes. Consequently, when their overall cytokine responses
were analyzed as a ratio of IL-13 to IFN-� or IL-4 to IFN-�,
the IL-5 KO mice developed more of a mixed type 1/type 2
cytokine response. Real-time PCR analysis of granulomatous
lung tissue supported this conclusion, although the most con-
sistent finding in the tissues was a small increase in IFN-�
mRNA production (Fig. 3). The decreased ratio of IL-13 to
IFN-� in the tissues was also associated with a significant
decrease in procollagen 1 mRNA expression (Fig. 1C), which
was consistent with the known collagen-inducing and -suppres-
sive activities of IL-13 and IFN-�, respectively (34). We also
examined the expression of several markers of “alternative mac-
rophage activation,” which are tightly regulated by the type 1/type
2 cytokine balance (16, 24). Consistent with the overall reduction
in type 2 cytokine dominance, Fizz-1 (Relm�), arginase 1 (Arg-1),
and, to a lesser extent, YM-1 mRNAs were found at reduced
levels in intravenously egg-challenged IL-5 KO mice (Fig. 4).

Liver inflammation and fibrosis are reduced in the absence
of IL-5. Many of the genes associated with Th2 responses and
alternative macrophage activation have been implicated in the
mechanisms of wound healing and fibrosis (14, 24, 35). There-
fore, the results from the pulmonary granuloma model sug-
gested that IL-5 and eosinophils might play a more important
role in the pathogenesis of schistosomiasis than previously
thought (1, 31). To investigate the role of IL-5 during both the
acute and chronic stages of infection, WT and IL-5 KO mice

FIG. 2. IL-5 KO mice develop unpolarized type 1/type 2 cytokine
responses. WT C57BL/6 and IL-5 KO mice were sensitized with S.
mansoni eggs and then challenged intravenously 2 weeks later. The
animals were sacrificed on day 8, and the LALN and spleens were
extracted, processed for in vitro culture, and restimulated with medium
alone, ConA, or SEA. Seventy-two-hour culture supernatants were
assayed by ELISA for IFN-�, IL-4, and IL-13. The data shown are
averages � standard deviations of three groups with three mice per
group and are representative of several experiments performed. As-
terisks denote significant differences (�, P � 0.05) between WT and
IL-5 KO mice.

FIG. 3. IFN-� mRNA increases in the lungs of egg-challenged IL-5 KO mice. WT C57BL/6 and IL-5 KO mice were sensitized with S. mansoni
eggs and then challenged intravenously 2 weeks later. The animals were sacrificed on day 8, and real-time PCR was used to analyze the cytokine
response in the lungs. mRNA expression is displayed for individual mice as a severalfold increase compared to the respective naı̈ve control group.
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were exposed to S. mansoni cercariae percutaneously and then
sacrificed 9 weeks [acute] and 16 weeks (chronic) postinfec-
tion. No differences in parasite or tissue egg burdens were noted
(Table 1) on week 9, indicating that IL-5 plays no role in the
establishment of infection in mice, which was consistent with
results from previous studies (1, 31). However, we did observe
a small increase in worm burdens in some but not all studies of
chronically infected IL-5 KO mice. Nevertheless, there was no
evidence of increased morbidity or mortality in the IL-5 KO
mice throughout the 16 weeks of study.

As observed in the lung (Fig. 1A), few, if any, eosinophils
were found in the livers of acutely infected IL-5 KO mice
(Fig. 5A). Strikingly, this was also true following chronic infec-
tion, suggesting that IL-5 deficiency alone is sufficient to com-
pletely ablate the tissue eosinophil response in the liver. The
average size of granulomas in the IL-5 KO mice was also
significantly reduced at both the acute and chronic time points

FIG. 4. Markers of “alternative macrophage activation” are re-
duced in the lungs of egg-challenged IL-5 KO mice. WT C57BL/6 and
IL-5 KO mice were sensitized with S. mansoni eggs and then chal-
lenged intravenously 2 weeks later. The animals were sacrificed on day
8, and real-time PCR was used to quantify the levels of Fizz-1
(Relm�), arginase 1, and YM-1 in the lung. The data shown are
severalfold increases over the respective naı̈ve control groups for in-
dividual mice. The asterisks indicate a significant difference (��, P �
0.01; ���, P � 0.001) between WT and IL-5 KO animals.

FIG. 5. Inflammation and fibrosis are reduced in infected IL-5 KO
mice. WT C57BL/6 and IL-5 KO mice were infected with 25 to 30 S.
mansoni cercariae. (A) Groups of animals were sacrificed 9 [acute] and
16 (chronic) weeks (wk) later, and the percentage of eosinophils in
liver granulomas was assessed in individual WT and IL-5 KO mice (at
least 20 mice per group). (B) The average size of the granulomas was
also determined. The data shown are for individual mice and represent
the averages of 30 granulomas measured/mouse. The bar denotes the
average of all mice in that group. (C) Hepatic fibrosis was quantified
with the hydroxyproline assay. Asterisks indicate a significant differ-
ence (�, P � 0.05; ��, P � 0.01; ���, P � 0.001) between WT and IL-5
KO animals, and the values shown in C represent the average decrease
in hydroxyproline levels in IL-5 KO versus WT mice shown as a
percentage.

TABLE 1. Parasite recovery

Wk

Mean recovery � SEM (no. of mice)

Group Worm pairs Total worms Eggs/liver
(1,000)

Eggs/worm pair
(1,000)

Total tissue eggs
(1,000)

9 C57BL/6 5.583 � 0.399 (24) 13.33 � 0.963 (24) 38.69 � 2.660 (24) 9.729 � 1.291 (24) 45.52 � 3.308 (24)
IL-5 KO 5.433 � 0.331 (20) 12.67 � 0.819 (30) 36.62 � 2.950 (30) 7.992 � 0.794 (24) 49.25 � 3.556 (20)

16 C57BL/6 3.85 � 0.617 (20) 10.10 � 1.231 (20) 68.40 � 7.523 (20) 24.65 � 2.237 (20) 78.86 � 10.45 (15)
IL-5 KO 5.741 � 0.499 (27) 14.33 � 1.299 (27) 79.69 � 7.845 (25) 20.69 � 1.823 (25) 85.59 � 11.73 (17)
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(Fig. 5B) compared with WT animals, likely reflecting the
absence of eosinophils. Nevertheless, because both groups de-
veloped smaller granulomas at the chronic time point than at
the acute time point, IL-5 and eosinophils do not appear to
regulate the mechanism of immune down-modulation (27).
When the cellular composition of the granuloma was examined
in detail (Fig. 6), the percentage of macrophages and fibro-
blasts increased in the IL-5 KO mice. The percentage of both
populations nearly doubled in the absence of IL-5, presumably
because eosinophils were absent. This contrasted greatly with
WT granulomas, which were dominated by eosinophils. Fi-
nally, hepatic fibrosis, assessed by the hydroxyproline assay,
was significantly reduced in the IL-5 KO mice at both time
points, demonstrating that IL-5 plays a significant role in the
pathogenesis of schistosomiasis (Fig. 5C).

The mesenteric lymph nodes were extracted from both
groups and restimulated in vitro with mitogen or SEA. The
culture supernatants were assayed for IFN-� and IL-13. WT
and IL-5 KO mice produced similar quantities of IL-13 in
response to ConA or SEA (Fig. 7A). IL-13 mRNA expression
also increased in the granulomatous tissues of both groups,
suggesting no significant impairment in type 2 response gen-

eration in the absence of IL-5 (Fig. 7B). Nevertheless, consis-
tent with the lung granuloma studies, we observed marked
increases in IFN-� protein (Fig. 7A) and mRNA expression
(Fig. 7B) in infected IL-5 KO mice, indicating that they were
developing more of a mixed type 1/type 2 cytokine response.

Eosinophils contribute to hepatic fibrosis by producing the
profibrotic cytokine IL-13. To determine if eosinophils were
regulating tissue fibrogenesis directly, we isolated eosinophils
from the granulomatous livers of infected mice and examined
whether they were producing profibrotic mediators like IL-13.
Lymphocytes isolated from the granulomatous tissues were
separated into eosinophil-positive and -negative fractions by
column purification. Flow cytometry demonstrated that the pu-
rity of the positive fraction was approximately 95% eosinophils
(Fig. 8). Morphological analysis with the fast green stain further
confirmed the identity of the purified population as eosinophils
(cytoplasmic green eosinophilic granules) (Fig. 8, right). mRNA
was isolated from eosinophil-negative and -positive fractions and
then subjected to real-time PCR analysis to determine whether
the granuloma-associated eosinophils were expressing type 2 cy-
tokines. As expected, IL-4, IL-5, and IL-13 mRNAs were easily
detected in the nonfractionated population obtained from in-
fected mice (Fig. 9, top). Strikingly, however, the quantities of all
three mRNAs increased in the purified eosinophil fraction and
decreased in the eosinophil-negative population (relative to naı̈ve
liver tissue), suggesting that eosinophils are the dominant source
of type 2 cytokine mRNA in the granulomatous tissues. IFN-�
mRNA showed an opposite pattern (Fig. 9, inset with IL-13),
indicating that eosinophils were displaying a polarized type 2
phenotype. The isolated fractions were also cultured in vitro in
the presence of soluble egg or adult parasite antigens so that the
production of type 2 cytokines could be examined by ELISA.
Only the unseparated and eosinophil-negative fractions re-
sponded to antigen, confirming the presence of antigen-specific
CD4� Th2 cells in those fractions (Fig. 9, bottom). Importantly,
however, type 2 cytokines were also detected at significant levels
in all three groups without additional stimulation. Most impres-
sive, though, was the marked production of IL-13, which ap-
proached 20 ng/ml in the eosinophil-positive fraction.

DISCUSSION

Granuloma formation is significantly impaired in IL-4R�-,
Stat6-, and IL-4/IL-13-deficient mice (8, 17, 18, 22), illustrating
the important role of type 2 cytokines in the pathogenesis of
schistosomiasis. Deletion of both IL-4 and IL-13 is necessary to
markedly inhibit granuloma formation in infected animals (8,
9), while IL-13 deficiency alone significantly blocks the pro-
gression of hepatic fibrosis (7). IL-13-deficient mice also sur-
vive chronic infections better than similarly infected wild-type
animals (13), further emphasizing the pathogenic role of IL-13.
Thus, understanding how IL-13 production is regulated in this
disease as well as in other type 2-driven inflammatory disorders
has become an important area of research (35). A recent study
by Mattes et al. suggested that eosinophils can either directly
or indirectly modulate the production of IL-13 in the lung (21).
This was demonstrated in IL-5	/	/eotaxin	/	 mice, which devel-
oped significantly impaired pulmonary eosinophil responses.
Those researchers concluded that IL-5 and eosinophils con-

FIG. 6. Eosinophils are replaced with macrophages and fibroblasts
in infected IL-5 KO mice. The cellular composition of hepatic granu-
lomas was compared in WT and IL-5 KO mice at 9 weeks postinfec-
tion. The data shown in the pie graph represent the averages of 20 IL-5
KO mice and 19 C57BL/6 mice pooled from two separate experiments.
PMNs, polymorphonuclear leukocytes; lg, large; Sm, small.
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tribute to the pathogenesis of allergic lung disease by promot-
ing the production of IL-13 in CD4� Th2 cells.

Given the apparent link between eosinophils and IL-13, we
examined whether a similar IL-5/eosinophil-dependent mech-
anism was contributing to the pathogenesis of schistosomiasis.
Surprisingly, the results from our studies revealed little to no
impairment in antigen-specific IL-13 production in IL-5/eosin-
ophil-deficient mice. However, the knockout animals consis-
tently produced more IFN-�, indicating that they were less
capable of developing a “polarized” type 2 response. We also
found that granuloma-associated eosinophils were a significant
source of profibrotic mediators including IL-13, suggesting a
direct role for these cells in the mechanisms of tissue remod-
eling and fibrosis. Thus, instead of simply modulating IL-13
production in T cells (21), our studies suggest a more complex

and indispensable role for IL-5 and eosinophils in the patho-
genesis of schistosomiasis.

In our studies, deletion of IL-5 alone was sufficient to re-
move nearly 100% of the eosinophils from the granulomatous
tissues. This contrasts with other studies that suggested that
the removal of both IL-5 and specific chemotactic factors
might be required to suppress eosinophil accumulation in tis-
sues (21, 39). We observed the same effect in the lung and liver,
so organ-specific differences are unlikely to explain the nearly
complete ablation of granuloma-associated eosinophils in our
IL-5 KO mice. Eotaxin 1 mRNA expression was also similarly
increased in the lungs of egg-injected WT and IL-5 KO mice
(approximately 15-fold in both) (data not shown), further sug-
gesting that the removal of IL-5 is sufficient to eliminate the
tissue eosinophils. Strikingly, the deletion of IL-5 and eosino-

FIG. 7. Infected IL-5 KO mice fail to polarize the type 2 cytokine response. WT C57BL/6 and IL-5 KO mice were infected with 25 to 30 S.
mansoni cercariae. (A) Groups of animals were sacrificed on week 9, and the mesenteric lymph nodes (MLN) were extracted, processed for in vitro
culture, and restimulated with ConA or SEA. Seventy-two-hour culture supernatants were assayed by ELISA for IFN-� and IL-13. The data shown
are the averages � standard deviations of three separate groups with three mice included in each group (9 to 10 mice total). The data are
representative of several separate experiments. (B) Real-time PCR was used to analyze the cytokine response in the liver. mRNA expression is
displayed for individual mice as severalfold increases over the respective naı̈ve control group.

FIG. 8. Eosinophils are highly purified from the livers of infected WT mice. WT C57BL/6 mice were infected with 35 S. mansoni cercariae and
sacrificed on week 9. Eosinophils were purified from perfused livers by positive selection using the Siglec-F antibody. The cells were separated into
nonfractionated, eosinophil-negative, and eosinophil-positive fractions, respectively (left panels). The numbers in the boxes indicate the percentage
of Siglec-F-positive eosinophils. Cytospin cells were stained with fast green to document the presence of cytoplasmic green eosinophilic granules
(right panel). Magnification, 
400. Gr-1, granulocyte cell surface marker.
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phils had a much larger effect on the development of granu-
lomatous pathology than was originally predicted (1, 31). The
sizes of pulmonary and hepatic granulomas decreased approx-
imately 30 to 40% in the absence of IL-5, while liver fibrosis
was reduced 40 to 50% by week 16 postinfection. We also
noted a marked reduction in procollagen 1 mRNA expression
in the lungs of egg-injected mice, further confirming the pro-
fibrotic role of IL-5 and eosinophils. Importantly, these data
are the first to directly demonstrate a pathogenic role for IL-5
and eosinophils in an experimental model of liver fibrosis.

Although the role of IL-5 in granuloma formation was in-
vestigated previously, the contribution of IL-5 and eosinophils
to the progression of hepatic fibrosis in chronically infected
mice was not examined (1, 3, 12, 28, 31). The specific role of
granuloma-associated eosinophils was also unexplored in those
studies. In one report, a neutralizing anti-IL-5 MAb was ad-
ministered to mice during the acute phase of infection. In these
studies, granuloma size was only marginally decreased in the
anti-IL-5 MAb-treated mice, and there was no effect on fibrosis
(31). Because rat antibodies were used, the effects on long-
term chronic infections could not be easily examined (5). In a
subsequent report using IL-5-deficient mice, apart from the
relative absence of eosinophils in the lesions, it was concluded
that IL-5 has no impact on granuloma formation (1). The
development of hepatic fibrosis was not examined in the latter
study. Because of the absence of functional information on the
role of IL-5/eosinophils in hepatic fibrosis, we focused on this
question in our studies. As seen in the study reported previ-
ously by Brunet et al. (1), the IL-5 KO mice downregulated
their granulomas at the chronic stage of infection as efficiently
as WT mice (granulomas were smaller at the chronic time
point than at the acute time point) (27). However, our IL-5 KO
mice clearly developed significantly smaller granulomas at both
time points. More importantly, however, there was solid evi-

dence that IL-5 contributes to the progression of hepatic fi-
brosis. The reduction in fibrosis in the IL-5 KO mice was more
apparent by week 16 (Fig. 5C), which could explain why the
anti-IL-5 MAb had no obvious effect at the acute time point
(31). Thus, our data demonstrate that IL-5 and eosinophils
play a more important role in the pathogenesis of schistoso-
miasis than was previously concluded.

In agreement with the study reported previously by Brunet
et al. (1), we observed little to no impairment in Th2 cytokine
production following infection. However, we consistently ob-
served an increase in IFN-� production in the mesenteric
lymph nodes and livers, suggesting that the IL-5 KO mice were
developing more of a mixed Th1/Th2-type response. This was
not observed in the study by Brunet et al., although their
experiments focused on systemic splenocyte responses. Be-
cause type 1-associated cytokines are known to antagonize
IL-13 effector functions (35), the increase in IFN-� in the
granulomatous tissues may in part explain the reduction in
granuloma formation and fibrosis in our infected IL-5 KO
mice. IFN-� mRNA was similarly increased in the lungs of
egg-injected animals. Thus, an important function of IL-5/
eosinophils revealed in our studies appears to be the polariza-
tion and stabilization of helminth-induced type 2 responses.

The decreased expression of several markers of “alternative
macrophage activation” in the granulomatous tissues, includ-
ing Arg-1, YM-1, and Fizz-1 (Relm�), provided further evi-
dence of reduced IL-13 effector function. These data were
somewhat surprising because the large population of eosino-
phils that dominate wild-type granulomas was replaced by
macrophages and fibroblasts in the IL-5 KO mice. Thus, al-
though the percentage of granuloma-associated macrophages
increased in the IL-5 KO mice, the gene expression data sug-
gested that many fewer of these cells were alternatively acti-
vated. Because alternatively activated macrophages have been

FIG. 9. Granuloma eosinophils produce large quantities of IL-13. WT C57BL/6 mice were infected with 35 S. mansoni cercariae and sacrificed
on week 9. Eosinophils were purified from perfused livers by positive selection using the Siglec-F antibody. The cells were separated into
nonfractionated (Unsep) (open circles), eosinophil-negative (open squares), and eosinophil-positive (filled triangles) fractions. Real-time PCR was
used to quantify the amounts of IL-4, IL-5, IL-13, and IFN-� (inset) mRNA in each fraction. The data shown in the top panels represent the
severalfold increases over naı̈ve, uninfected control liver tissue. Each fraction was also placed in culture so that type 2 cytokine production could
be determined by ELISA. Some cells were stimulated for 72 h with the parasite antigen preparations SEA and soluble worm antigen preparation.
All of these experiments were repeated, with similar results.
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shown to play important roles in the pathogenesis of schisto-
somiasis (15), reduced development of these cells could pro-
vide an additional explanation for the decrease in fibrosis in
the IL-5 KO mice (16).

We also found that granuloma-associated eosinophils are a
significant source of type 2 cytokines. When the noneosinophil
and purified eosinophil fractions were compared, the eosinophils
clearly expressed significant quantities of IL-4, IL-5, and IL-13
mRNA. In contrast, there was little IFN-�, indicating that that the
granuloma eosinophils were expressing a type 2-polarized pheno-
type. When placed in culture, the eosinophils also secreted type 2
cytokines, with IL-13 approaching the levels detected in antigen-
stimulated CD4� Th2 cells. Thus, in addition to promoting a
polarized CD4� Th2 cell response, granuloma-associated eosin-
ophils are themselves an important source of profibrotic media-
tors, including IL-13. Consequently, they contribute to the patho-
genesis of chronic schistosomiasis through both indirect and
direct mechanisms. Rumbley et al. also found granuloma eosin-
ophils to be an important source of IL-4 (28). However, in their
studies, Rumbley et al. did not examine the IL-13 response or the
possible involvement of IL-5 and eosinophils in the progression of
fibrosis. Thus, our study nicely complements and extends their
findings.

In summary, these data illustrate that IL-5 and eosinophils
regulate the pathogenesis of schistosomiasis-induced fibrosis
through multiple mechanisms. (i) By suppressing production
of the antifibrotic cytokine IFN-�, IL-5/eosinophils help po-
larize the profibrotic CD4� Th2 cell response. (ii) By increas-
ing the ratio of IL-13 to IFN-� in the tissues, eosinophils
increase the number of “alternatively activated” macrophages
and fibroblasts, which are important mediators of tissue re-
modeling and fibrosis. (iii) By producing profibrotic mediators
like IL-13, eosinophils also contribute directly to the mecha-
nism of fibrosis. Finally, these studies show that the progres-
sion of hepatic fibrosis is significantly attenuated in the absence
of IL-5, thus revealing an important role for IL-5 and eosino-
phils in the pathogenesis of schistosomiasis. Eosinophilic infil-
tration is seen in a large number of fibrotic diseases, including
viral liver diseases (hepatitis C), adverse drug reactions (such
as in halothane hepatitis), liver allograft rejection, graft-versus-
host disease, primary biliary cirrhosis, endomyocardial fibrosis,
idiopathic retroperitoneal fibrosis, sclerosing mediastinitis, scle-
rosing cholangitis, and pulmonary fibrosis (25, 26, 38). Thus, tar-
geting the activity of IL-5 and/or eosinophils may prove to be
beneficial in a wide variety of chronic fibrotic disorders.
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