
The IL-21 receptor augments Th2 effector function and
alternative macrophage activation

John Pesce, … , Michael J. Grusby, Thomas A. Wynn

J Clin Invest. 2006;116(7):2044-2055. https://doi.org/10.1172/JCI27727.

 

The IL-21 receptor (IL-21R) shows significant homology with the IL-4R, and CD4+ Th2 cells are an important source of IL-
21. Here we examined whether the IL-21R regulates the development of Th2 responses in vivo. To do this, we infected
IL-21R–/– mice with the Th2-inducing pathogens Schistosoma mansoni and Nippostrongylus brasiliensis and examined
the influence of IL-21R deficiency on the development of Th2-dependent pathology. We showed that granulomatous
inflammation and liver fibrosis were significantly reduced in S. mansoni–infected IL-21R–/– mice and in IL-21R+/+ mice
treated with soluble IL-21R–Fc (sIL-21R–Fc). The impaired granulomatous response was also associated with a marked
reduction in Th2 cytokine expression and function, as evidenced by the attenuated IL-4, IL-13, AMCase, Ym1, and FIZZ1
(also referred to as RELMα) responses in the tissues. A similarly impaired Th2 response was observed following N.
brasiliensis infection. In vitro, IL-21 significantly augmented IL-4Rα and IL-13Rα1 expression in macrophages, resulting in
increased FIZZ1 mRNA and arginase-1 activity following stimulation with IL-4 and IL-13. As such, these data identify the
IL-21R as an important amplifier of alternative macrophage activation. Collectively, these results illustrate an essential
function for the IL-21R in the development of pathogen-induced Th2 responses, which may have relevance in therapies
for both inflammatory and chronic fibrotic diseases.

Research Article Immunology

Find the latest version:

https://jci.me/27727/pdf

http://www.jci.org
http://www.jci.org/116/7?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI27727
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/25?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/27727/pdf
https://jci.me/27727/pdf?utm_content=qrcode


Research article

2044	 The Journal of Clinical Investigation      http://www.jci.org      Volume 116      Number 7      July 2006

The IL-21 receptor augments Th2  
effector function and alternative  

macrophage activation
John Pesce,1 Mallika Kaviratne,1 Thirumalai R. Ramalingam,1  

Robert W. Thompson,1 Joseph F. Urban Jr.,2 Allen W. Cheever,3  
Deborah A. Young,4 Mary Collins,4 Michael J. Grusby,5 and Thomas A. Wynn1

1Immunopathogenesis Section, Laboratory of Parasitic Diseases, National Institute of Allergy and Infectious Diseases (NIAID),  
National Institutes of Health, Bethesda, Maryland, USA. 2Nutrient Requirements & Functions Laboratory,  

Beltsville Human Nutrition Research Center, Agricultural Research Service, United States Department of Agriculture, Beltsville, Maryland, USA.  
3Biomedical Research Institute, Rockville, Maryland, USA. 4Wyeth Research, Cambridge, Massachusetts, USA.  

5Department of Immunology and Infectious Diseases, Harvard School of Public Health, Boston, Massachusetts, USA.

The IL-21 receptor (IL-21R) shows significant homology with the IL-4R, and CD4+ Th2 cells are an important 
source of IL-21. Here we examined whether the IL-21R regulates the development of Th2 responses in vivo. To 
do this, we infected IL-21R–/– mice with the Th2-inducing pathogens Schistosoma mansoni and Nippostrongylus 
brasiliensis and examined the influence of IL-21R deficiency on the development of Th2-dependent pathology. 
We showed that granulomatous inflammation and liver fibrosis were significantly reduced in S. mansoni–
infected IL-21R–/– mice and in IL-21R+/+ mice treated with soluble IL-21R–Fc (sIL-21R–Fc). The impaired gran-
ulomatous response was also associated with a marked reduction in Th2 cytokine expression and function, as 
evidenced by the attenuated IL-4, IL-13, AMCase, Ym1, and FIZZ1 (also referred to as RELMα) responses in 
the tissues. A similarly impaired Th2 response was observed following N. brasiliensis infection. In vitro, IL-21 	
significantly augmented IL-4Rα and IL-13Rα1 expression in macrophages, resulting in increased FIZZ1 mRNA 
and arginase-1 activity following stimulation with IL-4 and IL-13. As such, these data identify the IL-21R 	
as an important amplifier of alternative macrophage activation. Collectively, these results illustrate an essen-
tial function for the IL-21R in the development of pathogen-induced Th2 responses, which may have rel-
evance in therapies for both inflammatory and chronic fibrotic diseases.

Introduction
The IL-21 receptor (IL-21R) is a newly discovered member of the 
class I cytokine receptor family (1, 2). The receptor shows signifi-
cant sequence and structural homology with the IL-4Rα chain 
and is adjacent to the IL-4Rα in the human and mouse genomes, 
while its ligand, IL-21, shares significant homology with the 
cytokines IL-2, IL-4, and IL-15 (3, 4). IL-21 and IL-21R are thus 
newly described members of the γ chain–dependent cytokine net-
work because of their homology with cytokines and receptors 
that require the γ chain for functional signaling (5). Because all 
members of the γ chain network exhibit important and unique 
roles in host immunity, there has been growing interest in dis-
secting the novel functions of the IL-21R during antigen-trig-
gered immune responses in vivo.

Initial studies examining its function showed that IL-21 antag-
onizes NK cell expansion, yet it promotes antigen-specific T cell 
immunity including antitumor immunity (6–8), findings that sug-
gested IL-21 can bridge innate and adaptive immune responses (9). 
IL-21 also regulates B cell and CD8+ T cell function in vivo (10–15). 
Additional studies suggested that IL-21 is a Th2 cytokine that can 
inhibit the differentiation of naive Th cells into IFN-γ–secreting 

Th1 cells (16). Indeed, exogenous treatment with IL-21 potently 
inhibited IFN-γ production without affecting other Th1/Th2-
associated cytokines, suggesting that the repression of IFN-γ by 
IL-21 is highly specific. Thus, by virtue of its ability to suppress 
the development of Th1 cells, it was hypothesized that IL-21 might 
promote Th2 responses (16). Nevertheless, the involvement of the 
IL-21R signaling pathway in Th2 response development was not 
previously investigated in any Th2-dependent disorder.

In schistosomiasis, Th2 cytokines play an indispensable role 
in the pathogenesis of the disease (17, 18). Indeed, IL-4/IL-13–,  
IL-4Rα–, and Stat6-deficient mice all show significantly impaired 
granuloma formation and liver fibrosis following infection with 
Schistosoma mansoni (19-22). Given the recent classification of  
IL-21 as a Th2 cytokine (16, 23), the striking similarities between 
the IL-4 and IL-21 receptors (3, 4), and the critical role of the 
related IL-4Rα/Stat6 signaling pathway in this disease as well as 
in other Th2 cytokine–driven inflammatory disorders (24), an 
important question evolving from these studies was whether 
IL-21R signaling was playing a significant role in the initiation 
and/or maintenance of Th2 immunity.

To investigate the regulation and function of the IL-21R in vivo, 
several different experimental systems of Th2-dependent inflam-
mation were examined, including models of pulmonary and hepat-
ic inflammation as well as an experimental model of nematode 
infection (18, 25). In each case, the immune responses of WT ani-
mals were compared with IL-21R–deficient mice (10, 26). The data 
demonstrated that the development of Th2-associated pathology 

Nonstandard abbreviations used: AMCase, acidic chitinase; Arg-1, arginase-1;  
Con A, concanavalin A; FIZZ1, found in inflammatory zone-1; -R, receptor; s-, soluble; 
SEA, soluble egg antigen.
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was significantly reduced when IL-21 signaling was blocked. IL-21 
also increased IL-4/IL-13 receptor expression and arginase activity 
in macrophages. The combined results from these studies revealed 
an important role for the IL-21R in Th2-driven inflammation and 
fibrosis. They also showed that IL-21 promoted the development 
of alternatively activated macrophages, thus providing a likely 
mechanism for the reduced Th2-dependent pathology in chroni-
cally infected IL-21R–/– mice.

Results
Regulation of IL-21 and its receptor during Th1- and Th2-polarized respons-
es. In comparison to IL-21 (16, 27), little is known about the regu-
lation and function of the IL-21R. To determine whether IL-21 
and its receptor are regulated during a pathological Th2 response 
in vivo, we used the S. mansoni model of granuloma formation, in 
which Th2 cytokines are known to play a prominent role in lesion 
formation (18). In initial studies, we sought to determine whether 
IL-21 and IL-21R mRNA expression was linked with polarized Th2 
cytokine responses in vivo. To do this, we used mice that develop 
highly exaggerated Th1 (IL-4–/–IL-10–/–) or Th2 (IL-12–/–IL-10–/–)  
cytokine responses following exposure to S. mansoni eggs. In  
IL-4–/–IL-10–/– Th1 mice, IFN-γ mRNA expression increased in the 
lung 75-fold over baseline by day 4 after challenge and remained 
approximately 50-fold above background levels through day 14 
(Figure 1A). IL-13 mRNA was not detectable in these mice at any 
time point, confirming the establishment of a highly polarized Th1 
inflammatory response. In contrast, the IL-12–/–IL-10–/– Th2 mice 
displayed a 200- to 250-fold increase in IL-13 mRNA at all time 
points after challenge, with little to no change in IFN-γ. In contrast 
to the Th1/Th2 cytokines, which displayed a highly polarized pat-
tern of expression, IL-21 was not associated with a polarized phe-
notype (Figure 1B). In both groups, IL-21 mRNA levels increased 

at least 50-fold over baseline following challenge with schistosome 
eggs, although the increase observed in the Th1-polarized mice 
was on average 3- to 4-fold greater than the Th2-polarized animals 
(Figure 1B). IL-21R was also not specifically associated with a Th1 
or Th2 immune response. However, in contrast to IL-21, which was 
more pronounced in Th1-skewed animals, the maximal response 
for the IL-21R was observed in the Th2-polarized mice.

Th2 cytokine production is reduced in the lungs of IL-21R–deficient mice. 
Based on the significant elevation in IL-21R expression in mice 
challenged with schistosome eggs (Figure 1), we next examined 
whether IL-21R signaling was influencing the development of the 
Th2 response. In these experiments, naive WT and IL-21R–/– mice 
were injected i.v. with live schistosome eggs, and the production 
of Th2 cytokines and Th2-regulated genes was monitored in the 
lung, spleen, and draining lymph nodes over the following 14 
days. In WT mice, IL-21R mRNA expression increased rapidly fol-
lowing egg exposure and remained elevated through day 14 after 
challenge (Figure 2A). IL-21 showed a similar profile, with peak 
expression occurring on day 7 and then declining slightly thereaf-
ter. Notably, there was a consistent and highly significant decrease 
in IL-21 expression on days 7 and 14 in the IL-21R–/– mice, sug-
gesting that IL-21R was positively influencing the expression of 
its own ligand. Consistent with previous observations (28, 29), 
expression of the Th2-associated cytokines IL-4 and IL-13 rose 
gradually in the granulomatous tissues of WT mice, with 5- to 15-
fold increases detectable by day 14. In contrast, there was a marked 
and significant decrease in IL-4 and IL-13 mRNA expression in 
the IL-21R–/– tissues. Although little change in IFN-γ and IL-10 
mRNA was detected in WT mice between days 4 and 14 after chal-
lenge, production of IFN-γ and IL-10 also decreased slightly in the 
IL-21R–/– animals. Thus the reduced Th2 response observed in the 
IL-21R–/– mice was not associated with increased Th1 cytokine 
production. In contrast to the granulomatous tissues, however, 
significant Th2 cytokine production was observed in lymph 
node and splenocyte cultures following in vitro stimulation with 
soluble egg antigen (SEA) or mitogen (concanavalin A [Con A]; 
Figure 2B). In fact, SEA consistently stimulated stronger IL-5, 
IL-10, and IL-13 responses in the lymph node cultures prepared 
from IL-21R–/– mice. Nevertheless, consistent with the reduced 
Th2 response in the lung, a more rapid resolution of granuloma 
formation was observed in the IL-21R–/– animals (Figure 2C). In 
addition, we observed a marked decrease in several genes associ-
ated with alternatively activated macrophages (30–33), providing 
further evidence of an overall reduction in the in vivo Th2 effector 
response in IL-21R–/– mice (Figure 2D).

The Th2 response is reduced in IL-21R–/– mice following Nippostrongylus  
brasiliensis infection. To determine if the reduced Th2 effector 
response was specific to S. mansoni pulmonary granuloma forma-
tion, we infected WT and IL-21R–/– mice with the intestinal nema-
tode Nippostrongylus brasiliensis. Infection was established by inocu-
lating third-stage larvae under the skin. As the parasites mature, 
they migrate from the site of inoculation and enter the lungs via 
the circulatory system. Once inside the lungs, the parasites trig-
ger a vigorous and highly polarized Th2 response (34), which was 
confirmed by analyzing the expression of several Th2-associated 
genes in the lung (Figure 3A) and in lung-associated lymph nodes 
(Figure 3B). The lungs and lymph nodes of WT mice displayed 
marked increases in IL-4, IL-13, acidic chitinase (AMCase), found 
in inflammatory zone-1 (FIZZ1; also referred to as RELMα), and 
Ym1 mRNA expression following N. brasiliensis infection (Figure 3, 

Figure 1
IL-21 and IL-21R expression during highly polarized Th1 and Th2 
immune responses. IL-10–/–IL-4–/– (Th1) and IL-10–/–IL-12–/– (Th2) 
mice (n = 5 per group) were sensitized i.p. with freshly isolated eggs 
of S. mansoni and challenged i.v. 14 days later. On days 4, 8, and 14 
after challenge, mice were sacrificed, and lung RNA specimens were 
prepared individually for real-time RT-PCR analysis of IL-13 and IFN-γ 
(A) as well as IL-21 and IL-21R (B). Gene expression (mean ± SEM) 
is expressed as the fold increase over unchallenged WT controls after 
normalization to HPRT. Similar results were obtained in several repeat 
experiments. *P < 0.05.
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A and B). However, in agreement with the pulmonary granuloma 
model, we observed significantly reduced levels of IL-4, IL-13, and 
AMCase and slightly reduced levels of Ym1 and FIZZ1 mRNA in 
the lungs of the IL-21R–/– mice (Figure 3A). The draining lymph 
nodes displayed a similar reduction, although the decreases in 

Ym1 and FIZZ1 were more significant in the lymph nodes (Fig-
ure 3B). The only other major difference between the 2 tissues 
was the AMCase mRNA response, which appeared to be restricted 
to the lung. Together, these data confirm an important role for 
the IL-21R in Th2 response development in vivo. Notably, how-

Figure 2
Th2 cytokine production is reduced in the lungs of schistosome egg–challenged IL-21R–/– mice. Groups of naive WT (white bars) and IL-21R–/– 
mice (gray bars) were i.v. challenged with live S. mansoni eggs and sacrificed on days 4, 7, and 14 after challenge. (A) RNA was prepared from 
lung tissues and analyzed individually (n = 5 per group/time point) by real-time RT-PCR. The top and bottom of the boxes indicate the seventy-fifth 
and twenty-fifth percentiles, respectively; the line within the box indicates the fiftieth percentile; and the top and bottom whiskers indicate the nine-
tieth and tenth percentiles, respectively, of the tested samples. ND, not detected. *P < 0.05, **P < 0.01, ***P < 0.001 versus WT. (B) Spleens (Spl) 
and lung-associated lymph nodes (LALN) were each pooled (2 separate groups, 3–4 mice per group), and single-cell suspensions were assayed 
for IL-5, IL-10, IL-13, and IFN-g after a 72-hour incubation in the presence of Con A (1 mg/ml) or SEA (20 mg/ml). Results are mean ± SEM.  
Cytokines were below the level of detection in unstimulated cultures. (C) Granuloma size (volume, mm3 × 10–3) and the percentage of eosinophils 
in granulomas were quantified microscopically. (D) Real-time PCR analysis of Th2-regulated inflammatory genes in granulomatous lung tissue. 
All data are representative of at least 2 separate experiments.
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ever, despite developing a markedly attenuated Th2 response, the  
N. brasiliensis–infected IL-21R–/– mice displayed no significant delay 
in adult worm expulsion (data not shown).

Th2 cytokine–driven inflammation is diminished in the lungs of IL-21R–/–  
mice. We also examined whether the IL-21R modulates the devel-
opment of secondary Th2 responses. For these experiments, WT 
and IL-21R–/– mice were sensitized with S. mansoni eggs and chal-
lenged i.v. 2 weeks later. As expected, the sensitized mice developed 
a robust granulomatous response that was 4- to 5-fold greater 
(Figure 4C) than the primary challenge animals (Figure 2C). As 
observed in the primary model, there was a significant increase 
in IL-21 and IL-21R mRNA in the lungs following egg exposure, 
although the IL-21 response peaked much earlier during the sec-
ondary challenge. IL-21R was only modestly increased when com-
pared with IL-21 although it remained significantly elevated at 
both time points, while IL-21 mRNA levels declined after reaching 
a peak on day 4 (Figure 4A). Thus, there was evidence of tighter 
regulation of the ligand in the tissues. We also noted a remarkable 
decrease in IL-21 expression in the IL-21R–/– mice, confirming a 
potent feedback mechanism between the receptor and its ligand. 
Among the Th2-associated cytokines, IL-13 showed the most 
robust response, displaying a 50- to 100-fold increase over base-
line in WT mice. However, it was reduced to 10- to 20-fold above 
background in the IL-21R–/– mice, demonstrating that the IL-21R  

is required for maximum development of the secondary Th2 
response. Again, the reduction in Th2 cytokine expression in IL-21R–/–  
mice was not accompanied by a significant increase in IFN-γ. In 
fact, IFN-γ mRNA expression decreased in the lungs of the IL-21R–/–  
mice. Nevertheless, the knockouts displayed a modest but consistent 
increase in IFN-γ production in the lymph nodes and spleen, sug-
gesting a greater inhibition of the Th2 cytokines overall (Figure 4B).  
Consistent with the primary egg challenge model, the reduction 
in Th2 and Th1 cytokine production was more pronounced in the 
granulomatous tissues (Figure 4A), although the SEA-induced Th2 
response was also partially reduced in the spleen (Figure 4B). The 
significant reduction in secondary granulomatous inflammation 
was consistent with the development of a weaker Th2 response in 
the lung (Figure 4C). In addition, we observed a marked decrease in 
FIZZ1, Ym1, and AMCase expression (Figure 4D), further confirm-
ing a significant impairment of secondary Th2 effector responses 
in the IL-21R–/– mice.

IgG Abs, peak granuloma size, and Th2 cytokines are all reduced in  
S. mansoni–infected IL-21R–deficient mice. To determine whether 
IL-21 signaling is required for the maintenance of a chronic 
Th2-dominated response, we exposed animals percutaneously to  
S. mansoni cercariae and analyzed their pathological reactions and 
immune responses at both acute and chronic time points after 
infection. As observed in the pulmonary granuloma studies, there 
was a marked upregulation in IL-21R and IL-21 mRNA expres-
sion in the livers of infected WT mice. In contrast, IL-21 mRNA 
was almost undetectable in the IL-21R–/– mice even after chronic 
infection (Figure 5A). At the acute stage of infection, the IL-21R–/– 
mice also manifested a marked reduction in Th2 cytokine mRNA 
expression (Figure 5A). However, the changes were again restricted 
to the granulomatous tissues because the lymph node and sple-
nocyte responses of both groups were similar following in vitro 
stimulation with parasite antigens (Figure 5B). The only consis-
tent difference we noted in the in vitro assays was a 2- to 3-fold 
decrease in IL-5 and IL-10 production in the splenocyte cultures. 
The IL-21R–/– mice also developed significantly smaller granulo-
mas at the acute stage after infection (Figure 5C), which was con-
sistent with the reduced IL-4 and IL-13 responses in the liver (Fig-
ure 5A). However, this was not accompanied by any obvious change 
in the percentage of eosinophils in the granulomas (Figure 5C). A 
more detailed microscopic analysis of the lesions confirmed that 
there was no detectable change in the overall composition of the 
granulomas (Figure 6A). We also examined whether IL-21R defi-
ciency was specifically affecting the recruitment of CD4+ T cells 
to the granulomatous tissues. To address this issue, the pulmo-
nary granuloma model was used so we could better synchronize 
the recruitment of inflammatory cells. Consistent with the histo-
logical evaluations of liver granulomas (Figure 6A), the percentage 
of CD4+ T cells in the lungs increased approximately 2-fold after 

Figure 3
The Th2 response is impaired in N. brasiliensis–infected IL-21R–/– mice. 
Lungs (A) and lung-associated lymph nodes (B) were removed on day 
7 from individual N. brasiliensis–infected and untreated C57BL/6 or 
IL-21R–/– mice (n = 5 per treatment group). RNA was isolated and 
cDNA was generated as described in the legend to Figure 2. mRNA 
was analyzed individually for IL-13, IL-4, AMCase, Ym1, and FIZZ1 by 
real-time quantitative PCR. Fold changes are based on comparisons 
of infected mice to naive animals. The experiment was repeated with 
similar results. *P < 0.05, **P < 0.01, ***P < 0.001 versus WT.
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egg exposure; however, the pattern was similar in both WT and 
IL-21R–/– mice (Figure 6B). Thus, changes in CD4+ T cell recruit-
ment or expansion are unlikely to explain the decreased Th1/Th2 
cytokine responses observed in the tissues. Instead, they appear to 
result from a more general reduction in the overall inflammatory 
response. Importantly, both groups effectively downmodulated 
their granulomatous responses by week 12 after infection (18). 
Consequently, there was no significant difference in granuloma 

size at the chronic time point (Figure 5C). We also detected mini-
mal impairment in the Th2 cytokine response in the chronically 
infected knockout mice (Figure 5A). The marked reduction in 
FIZZ1 and Ym1 observed at the acute stage was also diminished 
in the chronically infected IL-21R–/– animals (Figure 5D). Never-
theless, expression of AMCase remained remarkably low at week 
12, suggesting a sustained diminution of at least a subset of the 
Th2-driven responses in chronically infected IL-21R–/– mice.

Figure 4
Th2 cytokine–driven inflammation is reduced in IL-21R–/– mice. WT (white bars) and IL-21R–/– mice (gray bars) were sensitized i.p. with eggs, 
challenged i.v. 2 weeks later with live S. mansoni eggs, and then sacrificed on days 4 and 7 after challenge. (A) RNA was prepared from lung 
tissues and analyzed individually (n = 5 per group/time point) by real-time RT-PCR as described above in the legend to Figure 2. (B) Spleens 
and lung-associated lymph nodes were assayed for IL-5, IL-10, IL-13, and IFN-g following antigen (SEA) or mitogen stimulation (Con A). (C) 
Granuloma size (mm3 × 10–3) and the percentage of eosinophils in granulomas were quantified microscopically in WT (n = 10 [day 4]; 15 [day 7]) 
and IL-21R–/– mice (n = 11 [day 4]; 16 [day 7]). (D) Real-time PCR analysis of Th2 inflammatory genes in granulomatous lung tissue (n = 5 per 
group/time point). Data shown are the combined results of 3 separate experiments. *P < 0.05, **P < 0.01, ***P < 0.001 versus WT.
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The IL-21R–/– mice were also examined for changes in serum Ab levels  
(Figure 7 and Table 1). Consistent with their suppressed cytokine 
responses (Figure 5A), the IL-21R–/– mice displayed a marked reduc-
tion in parasite-specific IgG1 (Th2-associated Ab) and IgG2b (Th1-
associated Ab) titers, which was maintained at the chronic time point 
(Figure 7A). Interestingly, however, this was not accompanied by any 
significant change in IgE (Figure 7B), suggesting a selective impair-

ment in only a subset of serum Ab isotypes. Exogenous IL-21 has been 
shown to inhibit IgE production (11), which may explain the slight 
elevation of IgE in the chronically infected IL-21R–/– mice. Impor-
tantly, the overall reduction in Th2 responsiveness in the IL-21R–/–  
mice was not attributed to differences in parasite burden since simi-
lar numbers of eggs and paired adult parasites were found in the tis-
sues of both groups at all time points (Table 1).

Figure 5
Chronic liver disease following percutaneous S. mansoni infection is reduced in the absence of IL-21R. WT (white bars) and IL-21R–/– mice (gray 
bars) were infected with 25–30 S. mansoni cercariae. All animals were sacrificed 9 (acute) or 12 (chronic) weeks after infection. (A) RNA was 
isolated from liver tissues and analyzed individually (n = 8–10 per group/time point) by real-time RT-PCR as described in the legend to Figure 2. 
(B) Spleens and mesenteric lymph nodes (MLN) were pooled in groups of 2–4 mice, and single-cell suspensions were assayed for IL-5, IL-10, and 
IFN-g. The data shown are the averages of 3 separate pooled groups. Med, medium alone. (C) Granuloma size (mm3 × 10–3) and the percentage of 
eosinophils in granulomas were evaluated microscopically in WT (n = 30 [week 9]; 17 [week 12]) and IL-21R–/– mice (n = 27 [week 9]; 19 [week 12]).  
(D) Real-time PCR analysis of Th2 inflammatory genes in granulomatous liver tissue (n = 8–10 per group/time point). Data shown are the com-
bined results of 3 separate experiments conducted on week 9 and 2 performed on week 12. *P < 0.05, **P < 0.01, ***P < 0.001 versus WT.
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IL-21R deficiency slows the progression of liver fibrosis. Because Th2 
cytokines are believed to play a major role in tissue fibrogenesis 
(17, 35), we examined the development and progression of hepatic 
fibrosis in S. mansoni–infected IL-21R–/– mice. Liver hydroxypro-
line levels were assayed at various time points after infection as 
a direct measure of tissue collagen content. As expected, marked 
hepatic fibrosis was observed in the infected WT mice (Figure 7C). 
In contrast, the IL-21R–/– mice displayed significantly less fibrosis 
at both the acute and the chronic time points. Notably, by week 
29 after infection the IL-21R–/– mice exhibited a greater than 50% 
decrease in total liver collagen content compared with WT mice 
(Figure 7D), thus confirming an important and indispensable role 
for the IL-21R in the progression of Th2-dependent fibrosis.

We also examined whether an IL-21 inhibitor could slow the progres-
sion of fibrosis in infected WT mice. For these experiments, groups 
of C57BL/6 mice were treated with soluble IL-21R–Fc (sIL-21R–Fc)  
or control protein for a total of 5 weeks, starting at week 6 after 
infection, around the time when eggs are first detected in the liver. 
Although both groups had similar worm and tissue egg burdens 
(data not shown), mice receiving the IL-21 blocker displayed a 
greater than 50% reduction in hepatic fibrosis at the termina-
tion of the experiment (Figure 7E). IL-4 and IL-13 mRNA expres-
sion also decreased in the liver, and granuloma size was reduced 
approximately 15% (data not shown). Thus the data nicely compli-
ment the experiments performed with IL-21R–/– mice.

IL-21 signaling promotes the development of alternatively activated mac-
rophages. Because arginase-1 (Arg-1), FIZZ1, and TGF-β1 have been 
linked with the development of fibrosis, and expression of several 
Th2/Stat6-regulated genes were reduced in the diseased tissues of 
IL-21R–/–mice (Figures 2–5) (30, 33), we examined whether Arg-1,  
FIZZ1, and TGF-β1 were directly modulated in macrophages 
following stimulation with IL-21. Arg-1 and FIZZ1 are also well-
known markers of alternatively activated macrophages (33). For 
these studies, bone marrow–derived macrophage cultures were 
generated and then stimulated with various combinations of IL-4, 
IL-13, and IL-21. As expected, IL-4 and IL-13 both increased Arg-
1 and FIZZ1 mRNA expression, with an additive effect observed 
when the two stimuli were used in combination (Figure 8A). Nota-
bly, however, although IL-21 had no effect on either gene when 
used alone, cultures that were pretreated with IL-21 displayed 
highly significant increases in Arg-1 and FIZZ1 mRNA expression 
when subsequently stimulated with IL-4 and IL-13 (Figure 8A). 
The same combination also significantly increased the function 
of arginase in the cells, which was assessed by assaying the produc-

tion of urea (Figure 8B). In contrast, IL-21 had no effect on the 
levels of total or active TGF-β1 in the culture supernatants (Sup-
plemental Figure 1; available online with this article; doi:10.1172/
JCI27727DS1). Unexpectedly, we found that IL-21 treatment alone 
significantly increased the expression of IL-4Rα and IL-13Rα1 
(Figure 8C). In contrast, IL-4 and IL-13 had no effect when used 
alone (Figure 8C), and there was no additional effect when the 
three stimuli were used in combination (data not shown).

Because the IL-13Rα2 can also influence IL-13–dependent signal-
ing (32, 35, 36), we also examined whether IL-21 regulates the pro-
duction of the IL-13Rα2. Not surprisingly, because the IL-13Rα2 
is primarily produced by nonhematopoietic cells like fibroblasts 
and smooth muscle (19, 38–40), we found no evidence of decoy 
receptor regulation in our bone marrow–derived macrophage cul-
tures (data not shown). However, when we examined the regula-
tion of the decoy receptor in vivo, IL-21 downregulated IL-13Rα2  
mRNA expression in the lungs of i.v. egg-challenged mice and 
significantly decreased the levels of the sIL-13Rα2 in their serum 
(Figure 8D). Together these data suggest that IL-21 contributes to 
the development of alternatively activated macrophages by upreg-
ulating the Th2 IL-4R (signaling receptor) in macrophages and 
by simultaneously decreasing the levels of the sIL-13Rα2 (decoy 
receptor) in the serum. Both mechanisms likely contributed to the 
increased activation of Arg-1 and FIZZ1 in the IL-4/IL-13–stimu-
lated macrophages. As such, they provide an additional mechanis-
tic explanation for the impaired Th2 responses and Th2-depen-
dent fibrosis in the helminth-infected IL-21R–/– mice.

Discussion
IL-21 was recently characterized as a Th2 cytokine that can 
inhibit the differentiation of naive Th cells into IFN-γ–producing 
Th1 cells (16). Because the immune response in schistosomiasis 
evolves from an early IFN-γ to a sustained and dominant Th2 
response (18), we examined the influence of IL-21R signaling on 
the development of helminth-induced Th2 responses. Infection 
of WT mice with S. mansoni increased IL-21 and IL-21R expression 
in the liver, confirming an association of IL-21 signaling with hel-
minth-induced Th2 immunity. However, in the lung, schistosome 
eggs induced significant IL-21 expression during both Th1- and 
Th2-polarized responses. In fact, IL-21 expression increased the 
most when mice were polarized to a Th1 response. These data 
suggest that IL-21 exhibits a less restricted pattern of expression 
than that of the other Th2-associated cytokines. The receptor for 
IL-21 also failed to display a Th1/Th2-specific pattern. However, 

Figure 6
The cellular composition of granulomas is unchanged 
by IL-21R deficiency. (A) The cellular composition of 
individual granulomas was evaluated in the livers of 9 
week infected WT (white bars; n = 10) and IL-21R–/–  
(gray bars; n = 9) mice. The mean ± SEM of small lym-
phocytes (Sm lym; including the CD4/CD8 T cells), 
large lymphocytes (Lg lym; B cells and plasma cells), 
macrophages (Mac), fibroblasts (Fibro), eosinophils 
(Eos), and mast cells (Mc) are shown. (B) Lymphocytes 
were isolated from the perfused lungs of naive WT and 
IL-21R–/– mice and on day 7 following i.v. challenge with 
5,000 S. mansoni eggs. The numbers in the histograms 
indicate the percent of CD4– and CD4+ T cells among 
total lung lymphocytes.
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the IL-21R was induced nearly 4-fold more in the lungs of Th2- 
than in Th1-polarized mice, which provided one of the first indi-
cations that IL-21R signaling might be involved in the regulation 
of Th2-mediated inflammation.

To determine whether Th2 effector responses were compro-
mised in the absence of the IL-21R, we examined the expression 
of several genes that are induced preferentially under Th2-polar-
izing conditions. These genes included AMCase, Ym1, and FIZZ1, 
all of which are thought to play important and nonredundant 
roles in the regulation of Th2-mediated inflammation (30–32, 
36, 41). Although some variation was observed during a primary, 
secondary, or chronic immune response, in each case the IL-21R–/–  
mice displayed highly significant decreases in these Th2-associ-
ated genes. Ym1 and AMCase are members of a family of proteins 
that share homology with chitinases of lower organisms (30). 
Although their exact function in host immune reactions remains 
uncertain, they are thought to play important roles in eosino-
phil chemotaxis, tissue remodeling, and fibrosis. Indeed, a recent 
study showed that AMCase neutralization could ameliorate aller-
gen-driven inflammation and airway hyperresponsiveness, thus 
suggesting the participation of mammalian chitinases in Th2 
immunity (31). FIZZ1 is also associated with tissue fibrogenesis 
(36, 42). Consequently, a major function of the IL-21R may be to 
regulate the mechanisms of wound healing and fibrosis. There-
fore, in addition to its participation in helminth-induced immune 
responses, the IL-21R may be involved in the regulation of a vari-
ety of Th2-mediated inflammatory disorders.

In schistosomiasis, IL-21R deficiency had a profound effect 
on the progression of the disease. Although infection intensi-
ties were the same in WT and IL-21R–/– mice, the egg-induced 
inflammatory response decreased significantly in the absence 
of the IL-21R. We also observed a marked reduction in second-
ary granuloma formation and a faster resolution of primary 
granulomas in the lung. Together, these data illustrate an indis-
pensable role for the IL-21R in granulomatous inflammation. 
As previous studies showed that IL-4 and IL-13 are essential 
for lesion formation (19), we therefore hypothesized that the 
IL-21R was either directly or indirectly affecting the activity of 
these cytokines. We knew that IL-21 was not acting alone, since 
extremely high levels of IL-21 were observed in IL-4/IL-10 dou-
ble-knockout mice, yet granuloma formation was almost com-
pletely ablated in these Th2-deficient animals (43, 44). Thus, 
IL-21 appears to collaborate with IL-4 and IL-13 to induce a 
maximal response. We also observed no detectable change in the 
cellular composition of the granulomas in IL-21R–/– mice and no 
specific impairment in CD4+ T cell recruitment. Together, these 

findings suggested that the IL-21R regulates the development of 
parasite-induced pathology by modulating the overall intensity 
of the Th2 effector response.

IL-21 is not thought to regulate IL-4–induced Th2 cell dif-
ferentiation directly (11, 16). Instead, it was hypothesized in a 
recent paper that IL-21 might amplify Th2-driven responses by 
downregulating the expansion of IFN-γ–producing Th1 cells 
(16). As such, we theorized that the IFN-γ response in schisto-
some-infected mice might increase in the absence of the IL-21R. 
Although a small increase was observed in lung-associated lymph 
nodes in vitro, IFN-γ production was consistently reduced in the 
granulomatous tissues. Thus, there was almost no evidence from 
our studies that the endogenous IL-21R was critically involved in 
the inhibition of IFN-γ production during helminth infection. 
Instead, the IL-21R–/– mice simultaneously generated weaker 
Th1 and Th2 cytokine responses in the tissues. The significant 
reduction in IgG2b (Th1-associated) and IgG1 (Th2-associated) 
Ab titers at all times after infection supports this conclusion. 
Th2 cytokines were also decreased at the mRNA level in both 
the lungs and the lymph nodes following N. brasiliensis infection. 
Indeed, all of the direct ex vivo data confirmed a marked reduc-
tion in Th2 cytokine expression and function within the affected 
tissues. Nevertheless, there was no consistent reduction in Th2 
cytokine production by isolated lymphocytes following antigen 
restimulation, which suggests the IL-21R–/– mice are capable of 
generating significant Th2 responses, at least in vitro. We there-
fore conclude that the IL-21R is selectively augmenting Th2 

Table 1
Worm and egg burdens

Week 	 Group	 Worm pairs	 Total worms	 Eggs per  
after 				    worm pair  
infection				    (in thousands)
9	 WT (n = 29)	 6.53 ± 0.63	 15.53 ± 1.55	 7.29 ± 0.49
9	 KO (n = 26)	 5.00 ± 0.70	 12.30 ± 1.74	 9.63 ± 1.16
12	 WT (n = 19)	 3.74 ± 0.60	 10.44 ± 2.08	 14.75 ± 1.91
12	 KO (n = 19)	 4.05 ± 0.62	  9.89 ± 1.77	 14.50 ± 1.95

Values for each group are mean ± SEM. No difference in infection inten-
sity was noted in any experiment.

Figure 7
IL-21R deficiency significantly slows the progression of Th2 cytokine–
dependent fibrosis. WT (white bars) and IL-21R–/– mice (gray bars) 
were infected with S. mansoni cercariae. Animals were sacrificed 9 
(acute) and 12 weeks (chronic; A–C) or 29 weeks (late chronic; D) 
after infection. (A) Mice were bled at the time of sacrifice, and SEA iso-
type–specific Ab titers were determined by ELISA. (B) Total serum IgE 
values. (C–E) Fibrosis was assessed by the amount of hydroxyproline 
(mmol) detected in the liver per 10,000 eggs (C) or per the total liver (D 
and E). In E, infected WT C57BL/6 mice were treated with either an 
IgG2a control Ab or with sIL-21R–Fc for 5 weeks. *P < 0.05, **P < 0.01, 
***P < 0.001 versus WT.
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responses in vivo. In addition to promoting the Th2 response, 
the IL-21R also increased IL-21 production. Thus, the IL-21R 
appears to operate in an autocrine fashion to drive Th2 cytokine 
expression and Th2 effector functions in vivo.

To further elucidate the mechanisms involved, we also examined 
whether IL-21 was directly modulating macrophage function, 
because our in vivo data showed a marked reduction in several 
genes that have been associated with the “alternatively activated” 
phenotype (33, 45). Macrophages and fibroblasts exhibiting an 
alternatively activated phenotype are major cellular constituents 
of schistosome granulomas, and functional studies suggested they 
are critically involved in the progression of the disease (46). Indeed, 
an important study by Brombacher et al. showed that mice that 
are completely deficient in alternatively activated macrophages 
develop lethal egg-induced pathology following infection with S. 
mansoni (47). In addition, because macrophage-derived TGF-β1 
has been implicated in the mechanism of IL-13–mediated fibro-
sis (48, 49), we examined whether IL-21 was modulating TGF-β1 
production in macrophages. To investigate these issues, we mea-
sured Arg-1 and FIZZ1 mRNA, arginase activity, and TGF-β1 pro-
tein responses in bone marrow–derived macrophages following 
stimulation with various combinations of IL-21, IL-4, and IL-13. 
Arg-1 and FIZZ1 are IL-4Rα/Stat6–dependent genes (42, 46, 50); 
therefore, they serve as functional markers of alternative macro-

phage activation. Importantly, the findings suggested that when 
macrophages are exposed to IL-21, they become much more sensi-
tive to the Arg-1– and FIZZ1-inducing activities of IL-4 and IL-13.  
Arginase activity, as assessed by the production of urea, also 
increased significantly, confirming IL-21 as an important stimulus 
for the development of highly functional alternatively activated 
macrophages. In contrast IL-21 had no effect on the production of 
TGF-β1 by macrophages. Thus, the profibrotic cytokine TGF-β1  
did not appear to be involved, which would be consistent with pre-
vious studies that have investigated the role TGF-β1 in schistoso-
miasis (51). Instead, we found that IL-21 significantly increased 
IL-4Rα and IL-13Rα1 expression in bone marrow–derived macro-
phages and decreased the production of the sIL-13 decoy receptor 
in vivo, which likely explains their heightened sensitivity to IL-4 
and IL-13. As such, these data compliment our in vivo studies with 
IL-21R–/– mice and suggest that an important function of IL-21R 
signaling is to enhance the development of alternatively activated 
macrophages, which have been implicated in the mechanism of 
fibrosis (46, 52). Moreover, because alternatively activated macro-
phages have been shown previously to amplify CD4+ Th2 cell dif-
ferentiation (53), these data may also explain the overall reduction 
in helminth-induced Th2 activity in IL-21R–/– mice.

In human schistosomiasis, the development of fibrotic liver 
pathology is the principle cause of chronic morbidity and mortal-
ity (18, 54). Because the Th2 cytokine response is known to play an 
important role in collagen deposition (17), in a final series of exper-
iments we examined the influence of the IL-21R on the progression 
of hepatic fibrosis. Notably, development of fibrosis decreased sig-
nificantly in the IL-21R–/– mice, with the knockout animals display-
ing a greater than 50% reduction in hepatic fibrosis by week 29 after 
infection. Importantly, similar findings were also generated when 
infected WT mice were treated with sIL-21R–Fc. Thus the IL-21R 
was revealed as a potential new target for antifibrotic therapy. In 
conclusion, these studies illustrate an essential role for the IL-21R 
in the progression of Th2 cytokine–mediated disease. As such, the 
IL-21R should be added to list of important receptors that regulate 
Th2 immunity and macrophage polarization.

Figure 8
IL-21 signaling promotes alternative macrophage activation by modu-
lating IL-13R expression. Bone marrow–derived macrophages were 
treated with IL-21 (20 ng/ml), either alone or in combination with IL-4 
(20 ng/ml) and IL-13 (20 ng/ml) overnight. In some experiments, macro
phages were pretreated with IL-21 for 6 hours prior to IL-4 and IL-13 
administration. Cells were lysed 20 hours later, and RNA was analyzed 
individually by real-time RT-PCR. (A) The ability of IL-21 to promote 
alternative macrophage activation was assessed by measuring Arg-1 
and FIZZ1 mRNA expression. (B) Arginase activity was quantified in cell 
lysates by measuring the conversion of l-arginine to Urea (mg/dl ± SEM;  
triplicate measurements). (C) Expression of IL-4Rα and IL-13Rα1 
mRNA was evaluated by real-time PCR. IL-13Rα2 mRNA was nearly 
undetectable in all conditions (not shown). The data shown in A, B, and 
C are representative of 3 separate experiments. (D) Naive C57BL/6 
mice were challenged i.v. with 5,000 live S. mansoni eggs and treated 
with PBS or recombinant IL-21 (2 μg/dose) every other day from day 1  
through day 6. Animals (n = 5 per group) were sacrificed on day 7, 
and lung IL-13Rα2 mRNA levels were assayed by real-time PCR and 
expressed as fold increase over untreated controls. Mice were also 
bled at the time of sacrifice, and the amount of sIL-13Rα2 in individ-
ual serum samples was assayed by ELISA. *P < 0.05; **P < 0.01;  
***P < 0.001. Similar results were obtained in a separate study.
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Methods
Mice, parasite infections, and antigen preparation. Female or male C57BL/6, 
C57BL/6/Ai–IL-10KO/IL-4KO, and C57BL/6/Ai–IL-10KO/IL-12KO mice 
were obtained from Taconic (55). Breeding pairs of IL-21R–/– mice on a 
C57BL/6 background were obtained from a breeding colony housed at 
Harvard School of Public Health (26). All mice were housed under specific 
pathogen-free conditions at the National Institutes of Health in an Ameri-
can Association for the Accreditation of Laboratory Animal Care–approved 
facility. The NIAID animal care and use committee approved all experi-
mental procedures. S. mansoni eggs were extracted from the livers of infect-
ed mice (Biomedical Research Institute) as previously described (56). For 
the induction of synchronous primary pulmonary granulomas, mice were 
given 5,000 eggs i.v. For the induction of secondary granulomas, mice were 
sensitized i.p. with 5,000 live eggs and then challenged with 5,000 live eggs 
i.v. (25). In the infection experiments, mice were infected percutaneously via 
the tail with 25–30 cercariae of a Puerto Rican strain of S. mansoni (NMRI) 
that were obtained from infected Biomphalria glabrata snails (Biomedical 
Research Institute). SEA and soluble worm antigenic preparation (SWAP) 
were obtained from purified and homogenized S. mansoni eggs and adult 
parasites as previously described (57). All animals underwent perfusion at 
the time of sacrifice so that worm and tissue egg burdens could be deter-
mined as described previously (57). N. brasiliensis larvae (L3) were prepared 
as previously described (58). Mice were inoculated through s.c. injection 
of 500 L3. On day 7 after inoculation, lung tissue and mediastinal lymph 
nodes were collected for cytokine analysis.

Histopathology and fibrosis. The sizes of pulmonary and hepatic granu-
lomas were determined on histological sections that were stained with 
Wright’s Giemsa stain (Histopath of America). Around 30 granulomas 
per mouse were included in all analyses. A skilled pathologist evaluated 
the percentages of eosinophils, mast cells, and other types of cells in the 
same sections. The number of schistosome eggs in the liver and the gut 
and the collagen content of the liver, as measured by hydroxyproline levels, 
were determined as previously described (57). Hepatic collagen was mea-
sured as hydroxyproline by the technique of Bergman and Loxley (59) after 
hydrolysis of a 200-mg portion of liver in 5 ml of 6 N HCl at 110°C for 
18 hours. The increase in hepatic hydroxyproline was positively related to 
egg numbers in all experiments, and hepatic collagen was reported as the 
increase above normal liver collagen in mmol per 10,000 eggs ([infected 
liver collagen – normal liver collagen]/liver eggs × 10–4) or mmol per worm 
pair. At late chronic time points, fibrosis was reported as total liver colla-
gen per liver. The same individual scored all histological features and had 
no knowledge of the experimental design.

Fluorescence-activated cell sorting analysis. Whole lungs were harvested and 
placed in RPMI. Tissues were disrupted by straining through a 70-mm  
nylon mesh (BD Biosciences — Falcon). The single-cell suspensions were 
washed, and rbcs were lysed by incubation with buffered ammonium chloride 
lysis solution for 3 minutes. Lung lymphocytes were labeled with PE-Cy5– 
labeled anti-CD4 along with Fc Block (both Abs from BD Biosciences — 
Pharmingen) in fluorescence-activated cell sorting buffer for 15 minutes at 
4°C. After washing, the cells were analyzed on a FACScalibur flow cytometer  
(BD Biosciences) using Flowjo software (Tree Star Inc.).

IL-21 blocking experiments with sIL-21R–Fc. C57BL/6 mice (n = 10 per group) 
were infected percutaneously via the tail with 30–35 S. mansoni cercariae. 
Beginning on week 6 after infection, mice were treated with either mouse 
sIL-21R–Fc (Wyeth) or anti–Eimeria tenella murine IgG2a control Ab (Wyeth). 
Each mouse received one 200-μg dose via i.p. injection 3 times per week for 
a total of 5 weeks. Mice were sacrificed 12 weeks after infection, and hepatic 
fibrosis was measured by hydroxyproline assay.

Lymphocyte culture and cytokine detection using ELISA. Spleen and mesenteric 
lymph nodes (infection model) or lung-associated lymph nodes (pulmonary 

model) were removed aseptically, and single-cell suspensions were prepared 
as previously described (52). Cultures were incubated at 37°C in a humidified 
atmosphere of 5% CO2. Cells were stimulated with SEA (20 μg/ml), SWAP 
(50 μg/ml), Con A (1 μg/ml), or medium alone. Supernatant fluids were 
harvested at 72 hours and assayed for cytokine production. IFN-γ, IL-5, and 
IL-10 were measured by sandwich ELISA using paired Abs (BD Biosciences 
— Pharmingen) as previously described (52). Cytokine levels were calculated 
with standard curves constructed using recombinant murine cytokines (BD 
Biosciences — Pharmingen). IL-13 levels were measured using murine IL-13 
ELISA kits (R&D Systems) according to the manufacturer’s protocol. TGF-β1  
levels were quantified using mouse TGF-β1 DuoSet ELISA Development 
system (R&D Systems) according to the manufacturer’s protocol. To avoid 
bovine-derived TGF-β1 contamination, cells were washed 3 times in PBS and 
cultured in media containing 0.5% mouse serum.

RNA isolation and purification and real-time PCR. Total RNA was extracted 
from lung and liver tissue samples placed individually in 1 ml TRIzol 
reagent (Invitrogen). The sample was homogenized using a tissue poly-
tron (Omni International), and total RNA was extracted according to the 
recommendations of the manufacturer and further purified using RNeasy 
Mini Kit from Qiagen. Individual sample RNA (1 μg) was reverse tran-
scribed using Superscript II Reverse Transcriptase (Invitrogen Corp.) and 
a mixture of oligo (dT) and random primers. Real-time RT-PCR was per-
formed on an ABI Prism 7900HT Sequence Detection System (Applied 
Biosystems). Relative quantities of mRNA for several genes was determined 
using SYBR Green PCR Master Mix (Applied Biosystems) and by the com-
parative threshold cycle method as described by Applied Biosystems for 
the ABI Prism 7700/7900HT Sequence Detection Systems. In this method, 
mRNA levels for each sample were normalized to hypoxanthine guanine 
phosphoribosyl transferase (HPRT) mRNA levels and then expressed as a 
relative increase or decrease compared with levels in uninfected controls. 
Primers were designed using Primer Express software (version 2.0; Applied 
Biosystems). Primers for IL-13, IL-4, IL-10, and HPRT (46); IL-13Rα2 
(32); and Ym1, FIZZ1, and AMCase (44) were published previously. Other 
primer sequences were as follows: IL-21, sense 5′-GCCAGATCGCCTCCT-
GATTA-3′, antisense 5′-CATGCTCACAGTGCCCCTTT-3′; IL-21R, sense 
5′-CTCCCCCCTTGAACGTGACT-3′, antisense 5′-TTGCCCCTCAGCAC-
GTAGTT-3′; IFN-γ, sense 5′-AGAGCCAGATTATCTCTTTCTACCTCAG-
3′, antisense 5′-CCTTTTTCGCCTTGCTGTTG-3′.

Serum Ab isotype analysis. Total IgE was measured using the BD OPtEIA 
Mouse IgE ELISA Set (BD Biosciences — Pharmingen) according to the man-
ufacturer’s protocol. SEA-specific IgG1 and IgG2b isotype–specific Ab titers 
were evaluated by indirect ELISA. Immulon 4 plates were coated with 10 μg/ml  
SEA (100 μl/well) diluted in PBS, and serum samples were analyzed using 
serial 2-fold dilutions. Biotin-Rabbit Anti-Mouse IgG1 (Zymed) was used 
at a 1:1,000 dilution. This was followed by Peroxidase Labeled Streptavidin 
(KPL) substrate enzyme at a 1:1,000 dilution. Second-step horseradish per-
oxidase–conjugated rabbit Rabbit Anti-Mouse IgG2b (Zymed) Ab was used 
at a 1:1,000 dilution. The absorbance in the wells was read at 405 nm using 
a Vmax Kinetic Microplate Reader (Molecular Devices) after adding 100 μl 
one component ABTS Peroxidase Substrate (KPL).

Bone marrow–derived macrophages. Bone marrow was recovered from 
female C57BL/6 mice and cultured in Petri dishes (100 mm × 15 mm) con-
taining supplemented DMEM (L929 conditioned medium) for a period 
of 6 days. After 6 days, cells were harvested and seeded at a concentration 
of 0.5 × 106 cells/well in 24-well plates containing supplemented DMEM 
(10% FBS, 2 mM l-glutamine, 100 U/ml penicillin, and 100 mg/ml strepto-
mycin). Cells were stimulated with IL-4, IL-13, and IL-21 (R&D Systems) 
for a period of 20 hours. In some assays, cells were pretreated with IL-21. 
Cells were lysed and RNA was purified using the RNA Cleanup procedure 
with the RNeasy kits (Qiagen).
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Arginase activity assay. Bone marrow–derived macrophages were plated at  
6 × 105 cells/well in 96-well tissue culture plates and stimulated with com-
binations of IL-4, IL-13, and IL-21. IL-21 was added 6 hours prior to IL-4 or  
IL-13 stimulation. Following stimulation, cells were washed with PBS and 
lysed with 0.1% Triton X-100 containing Protease Inhibitor (Roche Diagnos-
tics). Lysates were transferred into a 96-well PCR plate and incubated with  
10 mM MnCl2 and 50 mM Tris HCl (pH 7.5) to activate enzyme for 10 minutes 
at 55°C. After enzyme activation, 25 μl lysate was removed and added to 25 μl 
1M arginine (pH 9.7) in a new PCR plate and incubated for 20 hours at 37°C. 
5 μl of each sample was added in duplicate to a 96-well ELISA plate along with 
5 μl of each standard, diluted in same assay conditions, starting at 100 mg/dl.  
Urea determination reagent from BioAssay Systems Quantichrom Urea 
Assay Kit was used according to the manufacturer’s protocol.

Statistics. Hepatic fibrosis (adjusted for egg number) decreases with 
increasing intensity of infection (worm pairs). Therefore, these variables 
were compared by analysis of covariance, using the logarithm of total liver 
eggs as the covariate and the logarithm of hydroxyproline content per egg. 
Variables that did not change with infection intensity were compared by 
1-way ANOVA or 2-tailed Student’s t test (57). Changes in cytokine mRNA 
expression and granuloma size were evaluated using ANOVA. Differences 
were considered significant at *P < 0.05, **P < 0.01, and ***P < 0.001.
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