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Schistosoma mansoni egg-induced inflammation is
accompanied by TH2 cell polarization and develop-
ment of fibrotic granulomas in host tissue. The inter-
leukin (IL)-4 receptor � (IL-4R�), which mediates IL-4
and IL-13 signaling, is essential for granulomatous
pathology through a putative CD4� T-cell-dependent
mechanism. In this study, we asked whether CD4�

T-cell-specific IL-4R�-deficient mice (LckCreIL-4R��/lox)
developed granulomas and egg-driven collagen pro-
duction. Although eosinophilia and goblet cell hyper-
plasia were impaired in LckCreIL-4R��/lox mice, there
was no reduction in size or collagen content of lung
and liver granulomas. The lack of CD4� T-cell IL-4R�
expression caused significant increases in interferon-
�-producing cells, inducible nitric-oxide synthetase
production, and hepatic damage, compared with sim-
ilarly infected wild-type mice. Interestingly, this TH1-
associated liver injury did not lead to premature mor-
tality in this strain. Instead, lower levels of serum
endotoxin in LckCreIL-4R��/lox mice suggest that in-
testinal barrier function may be the dominant factor
for survival during natural infection. (Am J Pathol
2006, 169:1701–1712; DOI: 10.2353/ajpath.2006.060346)

The inflammation and pathology caused by Schistosoma
mansoni eggs lodged in host tissue is widely used for the
study of TH2 cytokine-driven responses and granuloma
formation.1–3 Interleukins (ILs)-4, -5, -9, and -13 are up-
regulated in the local microenvironment surrounding par-
asite ova accompanied by an influx of eosinophils, goblet
cell hyperplasia, and increased IgG1 and IgE produc-
tion.4 Studies using both experimental infection with S.
mansoni larvae and synchronous egg-induced lung gran-
ulomas have demonstrated critical, yet independent,

roles for IL-4 and IL-13.5–7 However, the cell-specific
requirements for IL-4/IL-13 responsiveness during egg-
induced granuloma development in liver and lung tissue
are unclear.

IL-4 and IL-13 functions are completely dependent on
the expression of IL-4R�,8 which is required for genera-
tion of the respective receptors. The IL-4R� chain pairs
either with the common gamma chain (�c) to form the
type 1 IL-4R (for IL-4 binding) or with the IL-13R�1 chain
to form the type 2 IL-4R (for IL-4 and IL-13 binding).
These cytokines can modulate the function of bone mar-
row-derived cells (T, B, NK, macrophage) and nonhema-
topoietic lineages, such as endothelium,9 intestinal epi-
thelial cells,10 and smooth muscle.11 Indeed, nonbone
marrow cell-derived IL-4R� expression drives airway in-
flammation12 and is required for expulsion of gastrointes-
tinal helminths.13,14

IL-4 signaling is critically important during natural infec-
tion with S. mansoni for the prevention of the severe lethal
form of schistosomiasis, as shown by studies performed
with mice deficient in IL-4, IL-4/IL-10, or IL-4/IL-13.15–17

These reports demonstrated a significant increase in the
production of proinflammatory mediators [ie, NO, tumor ne-
crosis factor-�, and interferon (IFN)-�], accompanied by
significant morbidity and mortality.16,18 Studies performed
using S. mansoni-infected IL-4-deficient mice suggested a
causative role for inducible nitric-oxide synthetase (NOS-2)
in the severe liver damage that was observed.19 Indeed,
vaccination of mice with soluble egg antigens (SEAs) and
rIL-12 or with SEA with complete Freund’s adjuvant results
in increased morbidity associated with an expansion of
IFN-�-secreting T cells, significant impairment of collagen
production, and reduced production of type 2 antibod-
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ies.20–22 However, it is not clear from these studies whether
TH1 polarization or the lack of IL-4/IL-13 responsiveness on
specific cell types was controlling the phenotype of the
granulomatous response.

The present study utilizes CD4� T-cell-specific IL-4R�-
deficient mice (LckCreIL-4R��/lox) that were generated
by an intercross between mice carrying a loxP-flanked
IL-4R� allele and mice that expressed Cre recombinase
under the T-cell-specific promoter p56Lck (LckCre) (M. Rad-
wanska, A. Cutler, M.S. Magez, C. Holscher, A. Bohms, B.
Arendse, R. Kirsch, J. Alexander, J. Kaye, F. Brombacher,
submitted for publication). Using both natural infection
with S. mansoni larvae and the synchronized pulmonary
granuloma model, we tested whether deletion of IL-4R�
signaling in the T-helper cell compartment would impair
liver and/or lung granuloma formation, exacerbate liver
damage, or abrogate fibrosis. Our results indicate that
both liver and lung granuloma formation were slightly
exacerbated by the CD4� T-cell-specific IL-4R� deletion
in the context of a significantly increased TH1 cell number
and elevated NOS-2 activity. Interestingly, type 1 re-
sponses did not inhibit fibrosis in liver or lung granulo-
mas, nor did it lead to premature mortality of these mice,
as was expected. The lower serum endotoxin levels in
infected LckCreIL-4R��/lox mice compared with wild-type
(WT) littermates may suggest that intestinal barrier dis-
ruption was a more dominant factor in disease outcome.
Overall, this study demonstrates that CD4� T-cell-spe-
cific IL-4R� signaling is critical for T-helper polarization
after exposure to S. mansoni eggs, but other IL-4R�-
expressing cells such as macrophages may be more
important for host survival.

Materials and Methods

Animals and Infection Studies

LckCreIL-4R��/flox animals were generated through an
intercross between LckCre (BALB/c) and IL-4R�flox/flox

(BALB/c) mice followed by mating of offspring with IL-
4R�-deficient (IL-4R��/�) animals to generate LckCreIL-
4R��/flox mice. In all experiments transgenic-negative
littermates (IL-4R��/flox) were used as WT controls.
Genotyping of mice was performed as previously de-
scribed.23 All mice were housed under specific patho-
gen-free barrier conditions in the University of Cape Town
animal facility. For infection with S. mansoni, naı̈ve sex-
matched mice from 6 to 10 weeks of age were percuta-
neously infected with 70 to 80 live cercariae of a Puerto
Rican strain of S. mansoni obtained from infected Bi-
omphalaria glabrata (a generous gift from Adrian Mount-
ford, York, UK). Mice were monitored for mortality and
recorded weekly.

Induction of Pulmonary Granulomas

The induction of synchronous egg-induced granulomas
was performed as previously described.3 In brief, S. man-
soni eggs were extracted from the livers of infected mice
and enriched for mature eggs. To induce pulmonary gran-

ulomas, mice sensitized to schistosome eggs by a prior
intraperitoneal injection of 5000 live eggs on day �14 were
intravenously injected with 5000 eggs on day 0. Animals
were sacrificed on days 7, 14, 21, and 28 after challenge.

Enzyme-Linked Immunosorbent Assay (ELISA),
ELISPOT, and ex Vivo Analysis

Splenocyte single cell suspensions were stimulated with
10 �g/ml of SEA in Iscove’s modified Dulbecco’s medium
containing 10% fetal calf serum, 100 U of penicillin, 100
�g of streptomycin, and 0.2 mmol/L L-glutamine (all from
Sigma Aldrich SA Pty Ltd., Johannesburg, South Africa)
as previously described.23 Supernatants were stored at
�80°C until used for ELISA. SEA-specific antibody ELISA
was performed as previously described.23

ELISPOT plates (Millipore) were coated overnight at
4°C with anti-IFN-� (clone An18KL6; concentration, 5
�g/ml) and then blocked for 1 hour at 37°C with 5%
bovine serum albumin (Sigma). Splenocytes were added
at a concentration of 5 � 105 cells per well and incubated
at 37°C for 40 to 48 hours. Detection was then performed
using 0.5 �g/ml biotinylated anti-IFN-� (BD Pharmingen),
alkaline phosphatase-labeled streptavidin (BD Pharmin-
gen), and BCIP/NBT alkaline phosphatase substrate
(Sigma). The plates were then washed with distilled water
and air-dried. Spots were quantitated by two indepen-
dent observers by examination under a dissecting micro-
scope. Cytokines in supernatants and antigen-specific
antibody isotypes in sera from infected animals were
determined as previously described.24

Lung Homogenates for Cytokine Analysis

Lung samples were obtained and processed for cytokine
analysis as previously described.23 Briefly, 5% (w/v) lung
tissue suspensions were homogenized in lysis buffer
containing 50 mmol/L Tris-HCl (pH 8.0), 0.5% Nonidet
P-40, 1 mmol/L ethylenediaminetetraacetic acid, 150
mmol/L NaCl, 10% glycerol, 1 mmol/L aprotinin, and 1
mmol/L phenylmethyl sulfonyl fluoride with a protease
inhibitor cocktail (Sigma). Extracts were frozen immedi-
ately in liquid nitrogen and stored at �80°C.

Hydroxyproline Assay

Hydroxyproline content as a measure of collagen pro-
duction was determined as previously described.23

Histology

Lung and liver samples were fixed in neutral buffered for-
malin and processed, and 5-�m sections were stained with
hematoxylin and eosin (H&E). The diameters of each gran-
uloma containing a single egg were measured by means of
a computerized morphometry analysis program (Scion Im-
age, 1988; Scion Corp., Frederick, MD) by subtracting the
egg diameter from the diameter of the whole granuloma. An
average of 50 granulomas per mouse was included in the
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analysis. All histological examinations were scored by the
same individual in a blinded manner to control for consis-
tency. OCT-embedded liver tissue was cut into 7-�m frozen
sections for immunohistochemistry. After acetone fixation,
macrophages were detected using PE-anti-F4/80 monoclo-
nal antibody (mAb) (Caltag, Burlingame, CA). A rabbit anti-
NOS-2 mAb (a gift from J. Pfeilschifter, Frankfurt, Germany)
was used to analyze macrophage function. Numbers of
eosinophils in granulomas were also evaluated in the same
sections used for granuloma measurements, whereas peri-
odic acid-Schiff (PAS)-positive cells were evaluated from
sections stained with PAS reagent. Granuloma eosinophils
were counted under immersion oil at �1000 magnification

in four fields from each granuloma, and 25 granulomas
were examined for each mouse.

Granuloma Cell Purification

Liver granuloma cells were isolated by collagenase di-
gestion as previously described.25 Livers of 7.5-week

Figure 1. CD4� T-cell-specific IL-4R� expression is not required for S.
mansoni egg-induced granuloma formation or collagen deposition in the
lung. WT (closed bars) and LckCreIL-4R��/lox (hatched bars). A: Graph
shown represents kinetic analysis of synchronized lung granuloma size after
intravenous challenge with 5000 live S. mansoni eggs. Each time point
represents five mice per group and 30 granulomas per mouse analyzed. B:
Measurement of lung hydroxyproline content in experiment described in A.
Whole lung tissues of five mice were analyzed per time point.

Figure 2. Fewer granuloma eosinophils and abrogation of goblet cell hyper-
plasia in lungs of S. mansoni egg-challenged LckCreIL-4R��/lox mice. WT
(closed bars) and LckCreIL-4R��/lox (hatched bars). A: Quantitation of gran-
uloma eosinophils in H&E-stained lung sections from egg-challenged mice at
the indicated time points. Five mice were analyzed and 30 granulomas
examined per mouse. B: Airway goblet cell hyperplasia was quantitated by
PAS staining of formalin-fixed egg-challenged lung tissue. Number of PAS�

cells per high-power field (�100) was determined by light microscopy. Data
represent five mice per group. Statistical significance in all panels was
determined using GraphPad Prism software by one-way analysis of variance
with *P � 0.05 and **P � 0.01, compared with the WT value.
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infected mice were homogenized, and granulomas were
collected by 1 � g sedimentation, washed in Iscove’s
modified Dulbecco’s medium. Cell suspensions were in-
cubated at 37°C with shaking in Iscove’s modified Dul-
becco’s medium containing 0.5% collagenase. The dis-
persed granulomas were further disrupted by repeated
suction and expulsion through a 20-ml syringe and then
passed through sterile gauze and washed. Viability was
determined by trypan blue exclusion.

Real-Time Reverse Transcriptase-Polymerase
Chain Reaction (RT-PCR)

RNA from intestinal tissue was extracted, and the pres-
ence of contaminating genomic DNA was tested before
cDNA synthesis by real-time PCR using �-actin primers
that bind to genomic DNA (5�-TGGAATCCTGTGGCATC-
CAGAAAC-3� and 5�-TAAAACGCAGCTCAGTAACAGT-
CCG-3�). Data were analyzed using the fit points and
standard curve method using �-2 microglubulin as the
housekeeping gene.23 �2MG forward: 5�-TGACCGGCT-
TGTATGCTATC-3�, �2MG reverse: 5�-CAGTGTGAGCC-
AGGATATAG-3�, NOS-2 forward: 5�-AGCTCCTCCCAG-
GACCACAC-3�, and NOS-2 reverse: 5�-ACGCTGAGTA-
CCTCATTGGC-3�.

Statistics

Values are given as mean � SD and significant differ-
ences were determined using the unpaired two-tailed
Student’s t-test or analysis of variance. All experiments
shown were performed twice unless indicated, and a
representative experiment is shown. *P � 0.05 compared
with WT, **P � 0.01, and ***P � 0.001.

Results

CD4� T-Cell IL-4R� Expression Is Not Essential
for Lung Granuloma Development or Fibrosis

To address the requirement for CD4� T-cell-specific IL-
4R� signaling in egg-induced lung granuloma formation
and fibrosis, we analyzed granuloma formation 7, 14, 21,
and 28 days after intravenous challenge in intraperitoneal
egg-sensitized WT and LcKCreIL-4R��/� mice. Histolog-
ical examination of granuloma development showed no
significant differences in granuloma sizes between the
two groups during the 4 weeks after challenge (Figure
1A). There was a slight but comparable decrease in
granuloma sizes of both LcKCreIL-4R��/lox and WT mice
on day 28 compared with day 21 after challenge. Con-
sistent with these results, the analysis of collagen depo-
sition within the lung, assessed by measurement of
hydroxyproline levels, also peaked at day 21 in LcKCreIL-

4R��/lox mice and was slightly reduced at day 28 after
challenge (Figure 1B). Histological assessment of goblet
cell hyperplasia was performed after periodic acid-Schiff
(PAS) staining of formalin-fixed lung tissue from egg-
challenged mice. Quantitation of PAS� cells per high-
power field (�100) revealed significantly fewer numbers
of positive cells in LcKCreIL-4R��/lox mice compared with
similarly challenged WT littermates (Figure 2B). In addi-
tion, the number of eosinophils counted per granuloma
was significantly lower in the LcKCreIL-4R��/lox strain
compared with WT (Figure 2A). These data indicate that
CD4� T-cell IL-4R� expression is not required for S.
mansoni egg-driven lung fibrosis or granuloma develop-
ment but is essential for goblet cell hyperplasia and
eosinophil recruitment.

S. mansoni Egg-Challenged LcKCreIL-4R��/lox

Mice Develop Systemic TH1 Responses

TH1 versus TH2 cytokine secretion and immunoglobulin
production was examined in S. mansoni egg-challenged
WT and LcKCreIL-4R��/flox mice. Measurement of the
SEA-specific antibody response revealed a significant
decrease of IgG1 and IgE levels in LcKCreIL-4R��/lox

sera at days 21 and 28 compared with egg-challenged
WT littermates (Figure 3, C and D). Similar trends were
observed at days 7 and 14 (data not shown). Conversely,
SEA-specific IgG2a levels were significantly elevated in
LcKCreIL-4R��/lox sera at these same time points com-
pared with WT mice (Figure 3E).

We next examined whether IL-4 versus IFN-� cytokine
levels in the local microenvironment of egg granulomas
reflected the phenotype of the systemic antibody re-
sponse. IL-4 and IFN-� levels in lung tissue homogenates
could be detected by ELISA from as early as day 7 after
egg embolization (not shown), but peak production of
both cytokines were detected at day 21 after challenge.
Whereas WT mice generated the expected IL-4 re-
sponse, LcKCreIL-4R��/lox mice produced significantly
lower amounts of IL-4 (Figure 3A), as well as significantly
lower levels of IL-5 and IL-13 (data not shown). In con-
trast, IFN-� levels were much higher in LcKCreIL-4R��/lox

compared with WT mice (Figure 3B). These data show
that CD4� T-cell-specific IL-4R�-deficient mice generate
a predominant TH1 response to S. mansoni egg chal-
lenge in lung tissue at all time points examined.

TH1 Response Correlates with Enhanced Liver
Damage and NOS-2 Activity

We sought to determine whether the TH1-dominant gran-
ulomatous response would also be evident in the S. man-
soni natural infection model. Liver granuloma size and
cellular composition were compared between strains to

Figure 3. Predominant TH1 response develops in S. mansoni egg-challenged CD4� T-cell-specific IL-4R�-deficient mice. WT (closed bars) and LckCreIL-4R��/lox

(hatched bars). Measurement of IL-4 levels (A), IFN-� levels (B), antigen-specific IgG1 response (C), antigen-specific IgE response (D), and antigen-specific IgG2a
(E) in whole lung homogenates of S. mansoni egg-challenged lung. Five mice per group were analyzed. Data represent three experiments performed with similar
results. Statistical significance in all panels was determined using GraphPad Prism software by one-way analysis of variance with *P � 0.05 and **P � 0.01,
compared with the WT value.
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further characterize egg-driven immunopathology. Liver
granulomas that developed in LckCreIL-4R��/lox mice
(70 � 23 �m2 � 10�3) were somewhat larger than WT
lesions (54 � 19 �m2 � 10�3) (P � 0.05) (Table 1).
Macrophage composition, as determined by immunoflu-
orescence staining for F4/80� cells, did not reveal any
obvious differences in total cellular recruitment between
WT and LckCreIL-4R��/lox granulomas (Figure 4C). There
was also no difference in the mean number of eosinophils
per granuloma of WT and LckCreIL-4R��/lox strains (Table
1). Measurement of total hydroxyproline levels in granu-
loma-containing liver tissue was performed to indicate
the extent of granuloma fibrosis, in addition to Chromo-
trope Aniline blue (CAB) staining of formalin-fixed liver
sections. Neither approach revealed major differences in
fibrosis, with a modest increase of hydroxyproline levels
in LckCreIL-4R��/lox mice compared with WT littermates
(Figure 4B, Table 1).

TH1 versus TH2 cytokine production from splenocytes
was analyzed after the antigen-specific recall response
to SEA. Figure 5, A and B, shows that LckCreIL-4R��/lox

mice produced significantly less IL-4 and IL-13 than WT
littermate controls. Conversely, there was a higher
amount of IFN-� produced in the LckCreIL-4R��/flox than
the WT strain (Figure 5C). Similar to the lung-egg chal-
lenge model, levels of SEA-specific IgG1 were de-
creased and IgG2b increased in LcKCreIL-4R��/lox sera
compared with WT littermates (data not shown). It was
unclear whether this systemic response was reflected by
the egg-driven cytokine response in the liver. Therefore,
granuloma cells were isolated from livers of S. mansoni-
infected WT and LcKCreIL-4R��/lox strains and the fre-
quency of IL-4-positive versus IFN-�-positive cells deter-
mined by ELISPOT. The number of IFN-�-producing cells
in LckCreIL-4R��/lox liver granulomas was 12-fold higher
than in similarly infected WT mice (Figure 6A). In contrast,
there were no differences in the frequency of IL-4-pro-
ducing cells (Figure 6B).

We next asked whether IFN-� target genes such as
NOS-2 were similarly up-regulated in LcKCreIL-4R��/lox

mice and if so, whether this was associated with liver
injury. A striking increase of NOS-2 activity was found by
immunofluorescence staining of frozen liver sections from

LcKCreIL-4R��/lox strain compared with the WT (Figure
4C). Quantitation of NOS-2 mRNA levels in granuloma-
containing liver tissue over levels in naive WT controls
revealed that the LcKCreIL-4R��/lox strain contained sig-
nificantly more NOS-2 transcripts than infected WT mice
(P � 0.001) (Figure 6C). Because of the reported asso-
ciation between NOS-2 and hepatic damage,18 we mea-
sured aspartate transaminase (AST) levels in serum at
7.5 weeks after infection. LckCreIL-4R��/lox mice pro-
duced eightfold higher levels of this enzyme than WT
littermate controls (P � �0.001) (Figure 6D). These data
agree with previous studies suggesting a link exists be-
tween NOS-2 activity and hepatocellular damage during
acute schistosomiasis19 and confirm that IFN-� produc-
tion correlates with increased NOS-2 activity.

Absence of Gut Injury Correlates with Extended
Survival in LckCreIL-4R��/lox Mice

Survival studies were performed to determine whether
LckCreIL-4R��/lox mice were more susceptible to death
associated with S. mansoni infection. Naı̈ve mice were
given a high-dose infection (70 to 80 cercariae) and
monitored weekly for signs of weight loss and mortality.
Results of four independent experiments showed that
greater than 95% of infected LckCreIL-4R��/lox mice sur-
vived beyond 11 weeks after infection (Figure 7A),
whereas WT littermates showed only a 50 to 75% survival
rate at this dose. We previously demonstrated that in-
creased mortality during S. mansoni infection is associ-
ated with intestinal injury and systemic endotoxemia.23

Measurement of serum endotoxin levels in 7.5-week-in-
fected LcKCreIL-4R��/lox and WT mice revealed that Lck-
CreIL-4R��/lox mice had significantly lower levels of lipo-
polysaccharide than WT littermate controls (Figure 7B).
This may suggest that increased mortality associated
with high-dose S. mansoni infection in BALB/c mice cor-
relates with gut injury rather than hepatic damage.

Discussion

It is well accepted that CD4� T-helper 2 cell production of
the hallmark cytokines IL-4 and IL-13 drives B-cell IgG1
and IgE class switching, eosinophil recruitment, fibrosis,
and mucus hypersecretion.8,26 Such type 2 effector func-
tions serve a host protective role against intestinal hel-
minth infection14 but also damages the body’s own tis-
sues in various types of allergic disease.27 IL-4 and IL-13
signaling in both mice and humans requires an intact IL-4
receptor � chain (IL-4R�),8 but much is still unknown
about its function in specific tissues and/or cell types
during complex in vivo immune responses. The present
study describes characterization of a novel mouse strain
recently generated in our laboratory that contains the
proximal lck promoter driving Cre recombinase expres-
sion combined with a floxed IL-4 receptor allele (Lck-
CreIL-4R��/lox). These mice have been demonstrated to
have abrogated CD4� T-cell-specific IL-4R� expression,
partial deletion on the CD8� T-cell population, but no

Table 1. Liver Granuloma Size, Collagen Content, and
Eosinophil Recruitment

WT LckCre IL-4Ra�/lox

Granuloma area
(�m2 � 10�3)

54 � 19 70 � 23

Hydroxyproline
(�M/104 eggs)

6.18 � 0.31 8.95 � 0.49

Eosinophils (per
granuloma)

172 � 25 146 � 30

Measurement of liver granuloma area and hydroxyproline content of
infected liver tissue at 7.5 weeks after infection was performed as
previously described.23 Quantitation of granuloma eosinophils was
performed by analysis of H&E-stained liver sections using a light
microscope under oil immersion at �100 magnification. Thirty
granulomas from each mouse were examined with five mice per group
in the analysis. Data represent the mean � SD. The result represents
one of four independent, but similar, analyses.
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alteration on B-cell or myeloid cell lineages (M. Radwan-
ska, A. Cutler, M.S. Magez, C. Holscher, A. Bohms, B.
Arendse, R. Kirsch, J. Alexander, J. Kaye, F. Brom-

bacher, submitted for publication). Experiments were
performed using two different models of exposure to S.
mansoni egg antigens, in which the predominance of TH1

Figure 4. Liver granulomatous pathology and fibrosis during natural infection is slightly increased in CD4� T-cell-specific IL-4R�-deficient mice. WT and
LckCreIL-4R��/lox mice (n � 5) were infected with 70 to 80 cercariae and were examined at 7.5 weeks for analysis of granulomatous liver tissue. Significance in
all panels was determined by one-way analysis of variance with *P � 0.05. A: Chromotrope aniline blue (CAB) staining of formalin-fixed liver tissue showing
granulomas. B: H&E staining of formalin-fixed liver tissue showing granulomas. C: Immunofluorescence staining was performed on frozen sections of liver
granulomas from the indicated strains. F4/80 (red) and NOS-2 (green). All granulomas represent 50 granulomas per mouse. Original magnifications, �400.
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versus TH2 cells has critical influence on immunopathol-
ogy and host survival.

The S. mansoni egg is a powerful inducer of type 2
inflammation and has been extensively studied for its
ability to drive IL-4/IL-13-dependent granuloma formation
in virtually any tissue in which it is lodged.28 Synchronous
lung granuloma development can be studied after intra-
venous injection of eggs that become trapped in the
small blood vessels of the airways. This model is char-
acterized by a rapid influx of eosinophils, type 2 antibody
production, mucous, goblet cell hyperplasia, and colla-
gen deposition.3,5 Our experiments examined cohorts of
mice at 7, 14, 21, and 28 days after challenge to deter-
mine what specific role was served by CD4� T-cell IL-
4R� expression during granuloma maturation in the lung.
Antibody-mediated IL-4 neutralization7 and IL-4 gene de-
letion have been shown to significantly decrease lung
granuloma volume, but data in Figure 1, A and B, show
that LckCreIL-4R��/lox mice had no impairment of granu-
loma size when compared with WT littermates at any of
the time points examined. Because mouse CD4� T cells
only express the type 1 IL-4R� and not the type 2 (IL-
4R�/IL-13R�1),8 this result suggested that CD4� T cells
did not require an IL-4 signal to drive granuloma forma-
tion around S. mansoni eggs in the lung. This is a signif-
icant finding because fibrosis and granuloma size is dra-
matically reduced on IL-13 neutralization of IL-4-deficient
mice,5 absence of T cells,29 STAT6 deficiency,30 or IL-
4R�-null mutation,23 greater than with IL-13 neutralization
alone.5 Levels of IL-13 in lung tissue homogenates of
LckCreIL-4R��/lox mice were lower than in WT controls
but were still present (data not shown), which could have
promoted the fibrotic response. The cell type(s) respon-
sible for fibrosis in this model are unclear, but studies by
Hesse and colleagues31 suggest that arginase induction
after IL-4/IL-13-driven alternative macrophage activation
was a major source of polyamines and hydroxyproline,
the latter being important for collagen biosynthesis. This
is unlikely because macrophage/neutrophil-specific IL-
4R�-deficient mice, impaired for alternative macrophage
activation, also showed the formation of fibrotic granulo-
mas similar to WT controls.23 Therefore, although the
presence of CD4� T cells is required, other resident or
recruited cells, possibly fibroblast themselves, seem to
be responsible for IL-4/IL-13-mediated collagen deposition.

Despite no significant impairment of fibrotic granuloma
development, egg-challenged LckCreIL-4R��/lox mice
had a clear impairment of lung eosinophil recruitment
and goblet cell hyperplasia at all time points examined
(Figure 2, A and B). The defective presence of such
classic markers of TH2-driven lung inflammation was the
first indication that CD4� T cell IL-4 responsiveness was
indeed required for some aspects of type 2 immunity. It
was doubtful that the decrease of granuloma eosinophils
and goblet cell hyperplasia was attributable to a direct
deletion of the IL-4R� on these cell types because the
gene deletion was confirmed to be restricted to the T lym-
phocyte population (M. Radwanska, A. Cutler, M.S. Magez,
C. Holscher, A. Bohms, B. Arendse, R. Kirsch, J. Alexander,
J. Kaye, F. Brombacher, submitted for publication). Lung
eosinophil recruitment is controlled by the combined ac-

Figure 5. Significantly impaired antigen-specific TH2 development in CD4�

T-cell-specific IL-4R�-deficient mice is accompanied by polarized TH1.
Splenocyte stimulation with SEA (10 �g/ml) for 72 hours and measurement
of cytokine levels, IL-4 (A), IL-13 (B), and IFN-� (C), in supernatants as
determined by ELISA. Data shown are mean � SD from five individual mice
and are representative of three independent experiments.
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tions of IL-5 and eotaxin,32 the latter being a STAT-6 target
gene,33 and goblet cell hyperplasia is promoted by the TH2
cytokines IL-4, IL-9, and IL-13.34 This was a strong indica-
tion that perhaps some alteration in T-helper cell polariza-
tion occurred in the LckCreIL-4R��/lox mice that did not
occur in the WT littermates.

Investigation of cytokine milieu in the egg microenvi-
ronment was performed by ELISA measurement of IL-4
and IFN-� levels in lung homogenates from egg-chal-
lenged mice. Results shown in Figure 3, A and B, dem-
onstrate a striking contrast between WT and LckCreIL-
4R��/lox mice in the levels of these two major opposing
cytokines. As expected, WT mice produced significant
IL-4 in the lung and mediastinal lymph nodes (not
shown), whereas LckCreIL-4R��/lox lung tissue was dom-
inated by elevated IFN-�. LckCreIL-4R��/lox mice also
had significantly lower amounts of IL-5 in lung homoge-
nates compared with WT mice (not shown), which pro-

vided at least a partial explanation for the fewer eosino-
phils in the lung of the former strain. CD4� IL-4R�
expression was therefore required to maintain high IL-4
levels in the lung during the egg-induced response. It is
known that STAT-6/IL-4R� activation is nonessential for
TH2 differentiation;24,35–37 but STAT-6 is an important
antagonist for TH1 cell differentiation.25 Moreover, the
short half-life of phosphorylated STAT-6 requires con-
stant reactivation via IL-4 receptor signaling38 and pro-
vides an explanation for the deficiency of TH2 memory
cells in STAT-6-deficient mice.33

Because the WT and LckCreIL-4R��/lox mice in our
experiments were presensitized with eggs before the
induction of lung granulomas, it is likely that our ELISA
measurements reflected a memory/recall response that
was strongly affected by the T-cell-specific IL-4R� dele-
tion. Also influenced was the SEA-specific antibody re-
sponse, which revealed that LckCreIL-4R��/lox mice pro-

Figure 6. Elevated numbers of IFN-�-producing cells and NOS-2 production are associated with exacerbated liver damage in CD4� T-cell-specific IL-4R�-deficient
mice. ELISPOT analysis of IFN-�-producing (A) or IL-4-producing (B) cells from granuloma cell suspensions isolated from the liver of S. mansoni-infected mice.
Experiment performed three times with similar results. C: mRNA levels of NOS-2 in liver tissue were determined by real-time PCR, normalized to �-2 microglobulin
and expressed as fold increase over noninfected WT mice. Each symbol represents an individual mouse liver sample. Experiment performed three times with
similar results. D: Serum levels of aspartate transaminase (AST), an indicator of hepatocellular damage expressed as mean � SD of five individual samples per
group. Results are representative of three experiments.
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duced primarily an antigen-specific IgG2a response
(Figure 3E) and had significantly lower levels of SEA-
specific IgE compared with the WT (Figure 3D). It is
generally accepted that T cell-B cell collaboration for
antibody production is essential for appropriate affinity
maturation and the qualitative nature of the antigen-spe-
cific antibody response. Combined, these data in the
lung model demonstrated that when IL-4 signaling was
prohibited in CD4� T cells, the resultant phenotype of the
type 2 response was dramatically impaired, affecting
B-cell class switching, eosinophil recruitment, and goblet
cell hyperplasia.

Based on these findings, we asked whether this
skewed TH1 immune response after exposure to eggs in
the lungs of LckCreIL-4R��/lox mice also occurred during
natural infection. In this model, a low-level IFN-� re-
sponse predominates from 0 to 5 weeks after infection as
worms develop into mature adults.39 However, on ovipo-
sition, parasite eggs released in mesenteric veins induce
robust IL-4 production as they travel to liver and intestine
where granulomas develop. Examination of the SEA-spe-
cific recall response of splenocytes at 7.5 weeks after
infection showed an impairment of IL-4 and IL-13 produc-
tion in LckCreIL-4R��/lox mice that was significant com-
pared with that of WT littermates (Figure 5, A and B). This
was accompanied by significantly increased IFN-� re-
lease in LckCreIL-4R��/lox mice (Figure 5C). ELISPOT
analysis was performed to determine whether such sys-
temic recall responses actually reflected the cytokine
milieu of the egg microenvironment. Figure 6A shows that
there was a striking increase in the frequency of IFN-�-
producing liver granuloma cells in LckCreIL-4R��/lox

mice, but in contrast to the splenocyte response, the
number of IL-4-secreting cells was similar in WT and
LckCreIL-4R��/lox mice (Figure 6B). Several reports have
indicated that CD4� T cells are not the only source of
cytokines in the Schistosoma liver granuloma40 and eo-
sinophils may be a primary source of TH2 cytokines in
granulomas of this organ.41 In contrast to the lung model,
the number of eosinophils in liver granulomas of LckCreIL-
4R��/lox mice was only slightly decreased compared
with WT mice (Table 1). However, whether eosinophils
actually contributed to our IL-4 ELISPOT results was not
determined. Despite this discrepancy between lung and
liver models, the increase in IFN-�-producing cells in
LckCreIL-4R��/lox mice was a very consistent finding.
Therefore, CD4� T-cell-specific IL-4R� deletion resulted
in an expansion of antigen-specific IFN-� effectors, both
systemically and in the local microenvironment of para-
site eggs.

S. mansoni infection of mice deficient for IL-4,18 IL-4/
IL-13,16 or IL-4/IL-1015 causes rapid death through a
seemingly common mechanism involving enhanced pro-
duction of IFN-�, NOS-2, tumor necrosis factor, and he-
patocyte damage. This prompted us to investigate
whether the TH1 predominance in the granuloma was
accompanied by characteristic IFN-�-driven effector
functions. NOS-2, an IFN-� target gene, is responsible for
many of the anti-microbial effects of this cytokine.42 Mea-
surement of NOS-2 activity at 7.5 weeks after infection
revealed that LckCreIL-4R��/lox mice had significantly in-
creased NOS-2 protein and mRNA levels when com-
pared with the WT (Figures 4C and 6A). Curiously, NOS-
2-positive staining was in close apposition to the parasite
egg and overlapped with F4/80 staining (Figure 4C).
NOS-2 production during murine schistosomiasis has
been directly associated with the severity of hepatocel-
lular damage and is thought to cause premature death in
S. mansoni-infected IL-4-deficient mice.19 Our data agree
partially with such conclusions, in that high serum levels
of aspartate transaminase were detected in LckCreIL-
4R��/lox mice (Figure 6D), but these mice did not expe-
rience enhanced mortality during infection (Figure 7A).

Figure 7. Survival of CD4� T-cell-specific IL-4R�-deficient mice during high-
dose S. mansoni infection correlates with less serum endotoxin. WT (closed
bars) and LckCreIL-4R��/lox (hatched bars) infected with 70 to 80 cercariae
were monitored for survival throughout 11 weeks. A: Survival of infected
mice from the indicated strains. Data represent four independent experi-
ments with similar results. Significance was determined by one-way analysis
of variance with *P � 0.05 and **P � 0.01, compared with the WT group (n �
5). B: Serum levels of endotoxin at 7.5 weeks after infection. Data are
expressed as mean � SD of five individual samples per group. Representa-
tive of three independent experiments.
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This was paradoxical because TH1-driven IFN-� re-
sponses are associated with a severe lethal form of acute
schistosomiasis,43,44 and the severity of hepatic immu-
nopathology during S. mansoni infection bears a strong
genetic linkage to IFN-�.22,43,44 However, LckCreIL-4R��/

lox mice were no more susceptible than WT BALB/c mice,
and in the experiments performed LckCreIL-4R��/lox mice
were consistently more resistant to S. mansoni infection.

The mechanistic explanation for this resistance is at
present unclear, but may be related to the immunobiol-
ogy of this parasite. During natural infection of the mam-
malian host, eggs containing live larvae (miracidia) tra-
verse the intestinal architecture as they pass into the gut
lumen for completion of the life cycle.44 How overt sep-
ticemia is prevented while eggs exit into the fecal stream
is poorly understood, but it does require an intact immune
system.45 Previously we demonstrated that alternatively
activated macrophages are essential in the egg passage
event because mice deficient for IL-4R� specifically on
macrophages experienced heightened mortality rates
associated with increased NOS-2 activity and sepsis.23

Alternatively activated macrophages were still present in
LckCreIL-4R��/lox mice, albeit at lower levels (data not
shown), but, interestingly, the serum endotoxin levels in
LckCreIL-4R��/lox strain were significantly lower than WT
littermates (Figure 7B). Mice in the BALB/c background
are somewhat more susceptible to high-dose S. mansoni
infection than other inbred mouse strains, and death is
often accompanied by colitis-type pathology with bloody
stool (unpublished observations). This implies the exis-
tence of additional cell populations or factor(s) that con-
tribute to protection of the murine host from excessive
intestinal injury as eggs pass into the gut lumen. One
possible hypothesis is that LckCreIL-4R��/lox mice pro-
duce a heightened level of regulatory cytokines (IL-10,
TGF-�) as a compensatory mechanism to counteract the
increased numbers of IFN-� precursors,46 which in turn
maintains the intestinal barrier better than in the WT set-
ting. In support of this hypothesis, we detected increased
levels of TGF-�, known for its protective effects in the
gut,47 in intestinal homogenates of LckCreIL-4R��/lox

mice compared with the WT (manuscript in preparation).
In conclusion, exposure of CD4� T-cell-specific IL-

4R�-deficient mice to S. mansoni eggs or to the complete
life cycle uncovered the distinct role of this receptor in T
helper cells. There were certain aspects of the TH2 re-
sponse and TH1 cell expansion that were greatly dys-
regulated, but this was not sufficient for lethal disease.
The novel mouse strain described here may provide a
valuable tool in other infectious disease models in which
disruption of TH1 versus TH2 polarization could be at-
tained, while IL-4/IL-13 responsiveness on other lym-
phoid, myeloid, and nonbone marrow cell-derived lin-
eages is preserved.
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