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Development of persistent Th2 responses in asthma and chronic helminth infections are a major health con-
cern. IL-10 has been identified as a critical regulator of Th2 immunity, but mechanisms for controlling Th2
effector function remain unclear. IL-10 also has paradoxical effects on Th2-associated pathology, with IL-10
deficiency resulting in increased Th2-driven inflammation but also reduced airway hyperreactivity (AHR),
mucus hypersecretion, and fibrosis. We demonstrate that increased IL-13 receptor o 2 (IL-13Ra2) expres-
sion is responsible for the reduced AHR, mucus production, and fibrosis in BALB/c IL-10-/- mice. Using
models of allergic asthma and chronic helminth infection, we demonstrate that IL-10 and IL-13Ro.2 coordi-
nately suppress Th2-mediated inflammation and pathology, respectively. Although IL-10 was identified as
the dominant antiinflammatory mediator, studies with double IL-10/IL-13Ra.2-deficient mice illustrate an
indispensable role for IL-13Ra.2 in the suppression of AHR, mucus production, and fibrosis. Thus, IL-10 and

IL-13Ro2 are both required to control chronic Th2-driven pathological responses.

Introduction

Th2 responses induced by allergen exposure (1) or chronic hel-
minth infection (2) can cause significant tissue damage, remodeling,
and fibrosis. Although the Th2 response is characterized by many
cytokines, including IL-4, IL-5, IL-9, IL-10, IL-13,IL-21, and IL-17E
(IL-25), IL-13 is of particular interest because it appears to be a key
effector cytokine (3, 4). Animal models have highlighted the pivotal
role of IL-13 in mediating many of the features of asthma. For exam-
ple, delivering IL-13 directly to the airways of mice (5-7) or overex-
pressing IL-13 in the lungs (7) triggers Th2-polarized inflammation
with increased chemokine response (8), adhesion molecule expres-
sion (9), mucus hypersecretion, and airway hyperreactivity (AHR)
(10, 11), all features of asthma. The critical role of IL-13 was con-
firmed in IL-13-blocking studies (S, 6). Chronic bouts of Th2-associ-
ated inflammation in idiopathic pulmonary fibrosis (12), ulcerative
colitis (13), or helminth infection (14, 15) are also associated with
IL-13-mediated pathologies. Given that IL-13 is the foremost Th2
cytokine mediating Th2-dependent disease, it is important to under-
stand how IL-13 effector function is regulated in distinct tissues and
in acute and chronic Th2-driven disorders.

IL-13 effector function can be regulated by a decoy receptor, IL-13
receptora.2 (IL-13R02) (16),adding an additional level of control to Th2
responses. IL-13Rai2, unlike the type 2 IL-4 receptor (IL-4Ray/IL-13Ral),
does not activate Stat6 signaling, but instead proportionally reduc-
es IL-13 (17, 18) and in some cases IL-4 activity (19). Although the
function of IL-13 in allergic diseases has been studied extensively,
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IL-13R02 has received much less attention (20, 21). IL-13Ra2 was
recently shown to control bronchial reactivity following IL-13 stimu-
lation in vitro (21). Nevertheless, the role of the endogenous IL-13Ra2
has not to our knowledge been previously investigated in the lung.
Itis well known thatIL-10 can regulate T cell proliferation (22) and
cytokine secretion (23). However, it remains controversial whether
IL-10 suppresses or promotes Th2 responses (24-32). Adminis-
tration of rIL-10 (33, 34) or IL-10-expressing CD4*CD25* Tregs
(35, 36) to allergen-sensitized mice suppresses Th2 cytokine secre-
tion, while related studies reported increased AHR following expo-
sure to IL-10 (33), suggesting that Th2 development and Th2-driv-
en pathologies are differentially regulated by IL-10. This hypothesis
is supported by studies with IL-10~- mice; however, in these experi-
ments Th2 cytokine production increased, while development
of AHR either decreased following allergen challenge (37, 38)
or remained unchanged despite increased inflammation (39).
Because IL-10 and IL-13R02 are both capable of modulating
IL-13 effector function, we examined whether the regulatory activi-
ties of IL-10 were associated with changes in IL-13Ra.2 production
and/or function. We found that IL-10 applies an essential brake
on inflammation, with IL-107- mice presenting increased inflam-
matory responses but, paradoxically, decreased AHR following air-
way allergen challenge and reduced liver fibrosis following acute
Schistosoma mansoni infection. The reduced pathological responses
in IL-107- mice were associated with increased IL-13Ra2 produc-
tion. Therefore, to determine whether the observed changes in
IL-13Ra2 expression were responsible for the modified pathologi-
cal responses in IL-107/- mice, we generated IL-107-IL-13Ra27/- dou-
ble-KO (dKO) mice. Strikingly, we found that dKO mice developed
significantly more immunopathology and inflammation com-
pared with either single-KO mouse, demonstrating that IL-13Ra2
cooperates with IL-10 to control Th2-driven pathologies.
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Figure 1

Th2-polarized SEA-induced airway inflammation. Animals were sensitized with 10 ug SEA on days 1 and 14, followed by 2 intratracheal airway
challenges with 10 ug SEA on days 28 and 31. Animals were euthanized 24 hours after the final airway challenge. *P < 0.05, Mann-Whitney U
test. (A) Total airway infiltrates and airway eosinophilia recovered in BAL. (B) BAL fluid eotaxin levels measured by ELISA. (C) BAL fluid IL-5
levels measured by ELISA. (D) Lung tissue mRNA, /IFNy (Th1) and /L-4 (Th2). (E) BAL and lung cells stimulated with PMA and ionomycin with
brefeldin A for 3 hours and then stained with anti-CD4 (APC) and anti-IL-13 (PE) before acquisition and analysis by FACS. (F) Five-micrometer
sections were cut from paraffin-embedded lung tissue and stained with H&E (lower panels) to show cellular infiltration or alcian blue—PAS (upper
panels) showing mucin* goblet cells lining the airways. The mucin response to SEA was 7+, while the inflammatory response to PBS was 2+ and
to SEA, 4+. Five lungs from each group were scored in a blinded fashion; original magnification, x100. (G) Lung cells and BAL recoveries from
C57BL/6 IL-10—-GFP mice were stained with anti-CD4 (APC) and anti-CD25 (PE) for lung cells, with GFP expression observed in the FL1 chan-
nel. (H) RNA was extracted from lung tissue, with IL-13Ra2 mRNA quantified by quantitative reverse transcription PCR (QRT-PCR). (I) Soluble
IL-13Ra2 was measured by ELISA, in serum collected from mice bled 24 hours after the last airway challenge.

Results able model of acute Th2-mediated allergic airway inflammation (Fig-
Acute Th2-driven airway inflammation is controlled by IL-10 but not by  ure 1, A-F, and Supplemental Figure 1A; supplemental material avail-
IL-13Ra2. Intratracheal administration of a model allergen, soluble  able online with this article; doi:10.1172/JCI31546DS1), characterized
egg antigen (SEA), in SEA-sensitized mice provided a robust and reli- by airway and tissue eosinophilia (Figure 1, A and F), bronchoalveolar
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Figure 2

Airway inflammation, but not AHR, is regulated by IL-10. Animals were sensitized and challenged as in Figure 1. Animals were euthanized
24 hours after the final airway challenge. *P < 0.05, Mann-Whitney U test. (A) Airway eosinophils (left), neutrophils (right), and macrophages
(center) recovered from BAL. (B) BAL fluid IL-5 levels measured by ELISA. (C) BAL fluid eotaxin levels measured by ELISA. (D) AHR. Penh
measurements 24 hours after the final airway challenge using a Buxco system with mice exposed to increasing doses of methacholine. n, number
of mice in each group. (E) RNA was extracted from lung tissue with Muc5ac (top) and /L-13 (bottom) mRNA quantified by gRT-PCR. (F) RNA
was extracted from lung tissue, with IL-13Ra2 mRNA quantified by gRT-PCR. (G) Soluble IL-13Ra2 was measured by ELISA in serum collected

from mice bled 24 hours after the last airway challenge.
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lavage (BAL) eotaxin (Figure 1B),and IL-S (Figure 1C) secretion as well
as elevated serum IL-5 and IgE levels (Supplemental Figure 1, B and
C). There was also a significant increase in IL-4 but not IFN-y mRNA
in the lung (Figure 1D). In addition, cells capable of secreting high lev-
els of IL-13 were recruited to the BAL and lung (Figure 1E), and there
was a significant increase in goblet cells lining the airways (Figure 1F
and Supplemental Figure 1D). Using IL-10-GFP reporter mice (40),
we detected a significant expansion of IL-10*CD4*CD25" T cells in the
2944
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IL-13Ra27~

lung and alarge increase in IL-10°CD4* T cells in the BAL (Figure 1G)
following airway challenge. SEA also triggered a significant IL-13Ra2
response in the lung (Figure 1H) and serum (Figure 1I). Given that IL-10
and IL-13Ra2 were both markedly increased in the lung following
SEA challenge, we investigated whether these proteins were regulat-
ing airway inflammation and/or lung function. Although germline
deletion of IL-13Rai2 had no impact on cell recruitment (Figure 2A
and Supplemental Figure 2A), IL-10 deficiency led to a 3-fold
Volume 117

Number 10~ October 2007



Figure 4

Removing IL-13Ra2 in IL-10-- mice reveals a role for IL-13Ra2 in con-
trolling goblet cell hyperplasia and mucus production. Animals were
sensitized and challenged as in Figure 1. Animals were euthanized
24 hours after the final airway challenge. Alcian blue—PAS staining of
fixed lung sections taken from IL-10-- (A) and IL-10--IL-13Ra2- dKO
(B) mice; original magnification, x100. Mucin-containing cells were
graded as 2+ in A and 4+ in B. The inflammatory response was 8+ in
both photomicrographs.

increase in total cells recruited to the airways (Supplemental Figure
2A), elevated numbers of eosinophils (Figure 2A), IL-5 (Figure 2B),
and eotaxin (Figure 2C), as well as a significant increase in airway neu-
trophils and macrophages (Figure 2A).

AHR and mucus production are reduced in the absence of IL-10. AHR
was also quantified in response to increasing doses of methacholine
and expressed as enhanced pause (Penh). While SEA-challenged WT
mice exhibited a significant increase in AHR, there was no significant
difference noted in the IL-13Ra27/- mice (Figure 2D). However, the
IL-13Ra27/- mice developed significantly stronger IL-10 responses
(Supplemental Figure 2B), suggesting that there was some degree of
immunological compensation in the absence of IL-13Ra.2. Paradoxi-
cally, as reported previously in related studies investigating the func-
tion of IL-10 (38), AHR was significantly reduced in the IL-107/~ mice
(Figure 2D) even though they had developed a markedly exacerbated
inflammatory response (Figure 2A). MucSac (Figure 2E) and gob 5
(Supplemental Figure 2C) mRNA expression was also reduced in the
IL-107- mice. The observed pathological changes (reduced AHR and
mucus) were difficult to explain, because
in addition to displaying a robust inflam-

research article

gate whether the IL-13Ra2 response was regulating the development
of AHR and mucus in the IL-10/- mice, we generated animals that
were simultaneously deficient in IL-13Ra2 and IL-10 (dKO mice).
In contrast to the IL-13Ra27/~ mice, the dKO mice displayed an
increased inflammatory response (Figure 3A) with elevated eosino-
philia (Figure 3B), BAL eotaxin (Figure 3C), and IL-S (Figure 3D),
similar to IL-10/- mice. In addition, intracellular cytokine staining of
lung-associated lymphocytes indicated that there were significantly
more CD4* T cells in the IL-107/- and dKO lungs that were capable of
producing IL-13 and IFN-y when stimulated ex vivo (Figure 3, E and
F). Histological scoring of lung sections confirmed that there was an
increase in both inflammation (Figure 3G) and edema (Figure 3H)
in the IL-107/- and dKO mice. Nevertheless, despite developing simi-
larly increased inflammatory responses, the IL-107- and dKO mice
displayed completely divergent gob 5 and MucSac mRNA responses
(Figure 3,Tand J). Indeed, the reduction in gob 5 and MucSac mRNA
observed in the IL-107- mice was reversed and even exacerbated in
the dKO mice, suggesting that IL-13Ra2 was potently inhibiting the
mucus response. Extensive mucus staining in the dKO airways con-
firmed the quantitative RT-PCR results (Figure 4).

We also examined whether airway function was altered in the
dKO mice. As seen in our previous studies, development of AHR
was reduced in SEA-challenged IL-107/- mice (Figure SA). In con-
trast, the AHR responses in dKO mice were significantly exacer-
bated when compared with those in either WT or IL-107/~ mice.
The difference between the IL-107/- and dKO mice was particularly
striking. Thus, these data identify IL-13Ra2 as a critical regula-
tor of AHR in IL-107/- mice. Nevertheless, to further investigate
the importance of IL-13Ra2, we also examined whether restoring
decoy receptor activity in the dKO mice could reverse their exacer-
bated AHR. To do this, we treated additional dKO mice with soluble
IL-13Ra2-Fc fusion protein (sIL-13Ra2-Fc) prior to allergen chal-
lenge and compared the development of AHR with that in untreat-
ed IL-107- and dKO mice. As predicted, the sIL-13Ra2-Fc-treated
dKO mice developed weak AHR responses that were now nearly
identical to those of IL-107 mice, thus confirming an important
inhibitory role for IL-13Ra2 (Figure SA). We also confirmed the
inhibitory role of IL-13Rai2 in IL-107/- mice by assessing AHR
using direct invasive assays of lung resistance (Rr) in mice that
were anesthetized, tracheostomized, and mechanically ventilated

matory response, the IL-107/- mice also A B 8
developed significantly stronger IL-13 91 7 —— IL-10"IL-1Ro2™
responses in the lung (Figure 2E). 81 AL A3Raz 6 BS)
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increase in IL-13Ra2 mRNA in the lungs
of SEA-challenged IL-107/- mice when
compared with WT animals (Figure 2F).
There was also a significant increase in
soluble IL-13Ra2 in the sera of IL-107/~
mice (Figure 2G). Therefore, to investi-
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Removing IL-13Ra2 in IL-10-- mice reveals a role for IL-13Ra2 in controlling AHR. Animals were
sensitized and challenged as in Figure 1. Animals were euthanized 24 hours after the final airway chal-
lenge. (A) AHR. Penh measurements 24 hours after the final airway challenge using a Buxco system
with mice exposed to increasing doses of methacholine. Results from 1 of 3 representative experiments
are shown. (B) AHR. R. measurements 24 hours after the final airway challenge with mice exposed to
increasing doses of methacholine. Results from 1 of 2 representative experiments are shown.
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Figure 6

Both IL-12 and IL-13Ra2 regulate AHR and
goblet cell hyperplasia in the absence of IL-10.
Animals were sensitized and challenged as
in Figure 1. *P < 0.05, 1-way ANOVA. (A)
Five-micrometer sections were cut from par-
affin-embedded lung tissue and stained with
alcian blue—PAS. Five lungs from each group
were scored in a blinded fashion. (B) AHR.
Penh measurements 24 hours after the final
airway challenge using a Buxco system with

— IL-107IL-13Ra2 ™
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& WT
I —IL-10"

L —= Naive

Baseline o 10 20 30

(Figure 5B). Here again, the dKO mice developed the most severe
AHR, while allergen-challenged IL-107/- mice displayed responses
that were barely increased above baseline.

The inbibitory effects of IL-13R0.2 are superior to the Th1 response. In addi-
tion to the elevated IL-13Ra2 response, IL-107- mice also exhibited
a significant increase in cells capable of secreting IFN-y (Figure 3F).
Because IL-12 and IFN-y are known to inhibit mucus production in the
lung (41,42), we also investigated whether the Th1 response was con-
tributing to the suppression of mucus and AHR in IL-107/- mice. To do
this, we bred BALB/c IL-107/- mice with IL-12p40~/- mice to generate
IL-10/1L-127/- mice and compared their allergen-induced mucus and
AHR responses with those of WT, IL-10-/-, and IL-10/-IL-13Ra2-/-
dKO mice. As expected, the mucus response in IL-107/- mice was sig-
nificantly reduced compared with that in WT animals (Figure 6A).
However, the simultaneous deletion of IL-10 and IL-12 restored the
mucus response back to WT levels, indicating that IL-12 was at least
partly contributing to the suppression of mucus production inIL-10/-
mice. Nevertheless, the mucus response in the IL-107/-IL-13Ra2-/~
mice was even more marked (Figure 6A), despite the fact that they
generated IFN-y responses comparable to those of IL-10-/~ mice
(Figure 3F). These observations suggest that IL-13Ra2 deficiency can
supersede the suppressive effects of IL-12/IFN-y. A similar pattern
emerged when their AHR responses were measured (Figure 6B). Here
again, although the AHR response of IL-107/-IL-12-/- mice was signif-
icantly elevated relative to that of IL-10-- mice, the increase observed
in IL-107/-IL-13R0.2 7/~ mice was much more dramatic, adding further
weight to the importance of the IL-13 decoy receptor.

Chronic Th2 responses are defined by persistent IL-10 and IL-13Ro.2 pro-
duction. Having established distinct roles for IL-10 and IL-13Ra.2 in
an acute model of Th2-mediated allergy, we next asked whether IL-10
and IL-13Ra.2 regulate chronic Th2 responses. For these studies, we
used the infectious trematode S. mansoni, which induces a chronic
Th2-dominant inflammatory response. In this model, schistosome

Figure 7

Recruitment of IL-10-GFP+CD4+CD25* cells into the liver and increased
serum IL-13Ra2 following infection with S. mansoni. IL-10-GFP reporter
(tiger) mice were infected with 30 S. mansoni cercariae and euthanized
on indicated weeks after infection. (A) Livers were excised from infected
IL-10-GFP reporter mice on the indicated weeks after infection. Tissues
were prepared into a single-cell suspension and stained with fluores-
cently labeled antibody anti-CD4 (APC) and anti-CD25 (PE). (B and C)
Serum IL-13Ra2 was measured by ELISA. (D) RNA was extracted from
liver tissue, with IL-10 mRNA quantified by gRT-PCR.
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mice exposed to increasing doses of metha-
choline. Results from 1 of 2 representative
experiments are shown.

50

eggs are deposited in the liver, inducing a fibrotic granulomatous
response. IL-10 and IL-13Ra2 expression was monitored through-
out infection using IL-10-GFP reporter mice infected with 30 S.
mansoni cercariae. The dominant population of IL-10* cells in the
liver (Figure 7A), spleen (data not shown), and mesenteric lymph
nodes (data not shown) expressed CD4 and CD25 and likely repre-
sent IL-10-producing regulatory T cells (27). The serum IL-13Ra2
response was strikingly similar to the IL-10 response (Figure 7B),
increasing 2- to 3-fold at the acute stage (week 8) and remaining
elevated in chronically infected mice (week 16). Infection of IL-10-/~
mice led to elevated serum IL-13Ra2 compared with WT mice
(Figure 7C),similar to ourallergen-challenged IL-10--mice (Figure 2G),
although the difference was not significant in this case. The increase
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Figure 8

Increased granuloma volume and fibrosis in IL-10--IL-13Ra2-- dKO mice. Mice were infected with 30 S. mansoni cercariae and euthanized at
week 8 (early) and week 12 (late) during the chronic stages of egg-induced pathology. *P < 0.05, Mann-Whitney U test for single comparisons
or 1-way ANOVA for multiple comparisons. Similar numbers of paired adult parasites and eggs were found in the tissues of all groups, so the
observed pathological changes were not attributed to differences in parasite burden. (A) Liver tissue was excised, fixed, sectioned, and stained
with Wright-Giemsa. Granuloma volume was calculated in a blinded fashion from Giemsa-stained liver sections at weeks 8 (left) and 12 (right)
after infection. (B) Liver fibrosis (umol of hydroxyproline per worm pair) was calculated from liver biopsies taken at weeks 8 (left) and 12 (right)
after infection. (C) A survival study was conducted with mice infected with 30 S. mansoni cercariae.

in IL-10 mRNA expression observed in infected WT mice was also
not significantly affected by IL-13Ra2 deficiency (Figure 7D),
suggesting that IL-10 and IL-13Ra2 are induced and regulated
independently during infection with S. mansoni.

Granuloma formation and fibrosis are suppressed by the combined actions
of IL-10 and IL-13Ra.2. To investigate the functional role of IL-10 and
IL-13R02 in a chronic Th2 disease setting, mice were infected with 30
cercariae, and granuloma formation and fibrosis were assessed at 8
and 12 weeks after infection. At week 8, deletion of IL-13Ra.2 or IL-10
had no impact on granuloma size (Figure 8A, left) or cellular compo-
sition (data not shown). However, granuloma size was exacerbated in
the dKO mice (30% increase versus WT), demonstrating that IL-10
and IL-13Ro2 function as cooperative inhibitors of granulomatous
inflammation, at least during the acute phase of infection. By week
12,1L-107- and IL-13R027/- mice also displayed significantly larger
granulomas (Figure 8A, right). Indeed, while WT mice displayed a
20% decrease in granuloma size between weeks 8 and 12,1L-10/- and
IL-13Ra27/- mice exhibited significantly larger granulomas at the
chronic time point. Strikingly, the granulomas in dKO mice were
approximately 50% larger than those in WT animals on week 12 and
20%-30% larger than those in the single-KO mice. Thus, these data
demonstrate that chronic Th2-mediated inflammation is downmod-
ulated by the combined actions of IL-10 and IL-13Ra2.

In contrast to granuloma size, which is downmodulated in chron-
ically infected WT animals, liver fibrosis steadily increases as long
as the animals remain infected. Therefore, we examined whether
IL-10 and IL-13Ra2 regulated the progression of liver fibrosis
by measuring hydroxyproline content and staining liver sections
with picrosirius red. On week 8, liver fibrosis was similar in WT
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and IL-13Ra27- mice, but significantly decreased in IL-10-/~ mice
(Figure 8B, right). Interestingly, the decreased fibrotic response
in IL-107/- mice was consistent with their reduced AHR following
SEA challenge in the lung (Figure 2D). In both settings, the reduced
pathological responses were associated with significant IL-13Ra2
expression (Figure 2F and Figure 7C). Thus, despite displaying
either similar or increased inflammation, many other pathological
features were reduced in the IL-107/~ mice. The important contribu-
tion of IL-13Ra2 was again revealed in the dKO mice, which in con-
trast to IL-107/- mice developed exacerbated liver fibrosis by week
8, mirroring the exacerbated AHR and mucus responses observed
in our lung studies. Thus, deleting IL-13Ra2 on an IL-107/-
background completely reversed the pathological phenotype of
the IL-107/~ mice. The combined antifibrotic activities of IL-10 and
IL-13R02 were particularly evident at the chronic time point. Indeed,
by week 12, both of the single-KO groups were now displaying sig-
nificant increases in fibrosis (Figure 8B). Nevertheless, the dKO
mice again displayed the most dramatic increase, with liver fibrosis
nearly doubling in the dKO mice when compared with 12-week-
infected WT, IL-107/-, or IL-13Ra2-/~ mice (Figure 8B, left).

IL-13 effector function is enhanced in IL-10/IL-13Ra.2 dKO mice. Gran-
uloma formation and fibrosis are regulated by the egg-induced
IL-13 response. To determine whether local changes in Th2 effec-
tor function were responsible for the exacerbated fibrotic responses
in the dKO mice, liver RNA was isolated from infected mice and
examined by real-time PCR (Supplemental Figure 3). As expected,
there were marked increases in IL-13 and IL-5 mRNA in the livers of
infected WT mice. However, there were no significant differences in
the IL-107/- and IL-13Ra27/- mice, suggesting relatively little effect
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on Th2 response development in vivo (Supplemental Figure 3, A and
E). Nevertheless, when the expression of several Th2-regulated genes
was examined, it was clear that IL-10 and IL-13Ra:2 were playing
distinct roles in the regulation of Th2 effector function. Three dis-
tinct subsets of genes were analyzed, including markers of alterna-
tive macrophage activation (Ym1 and FIZZ1), MMPs (MMP-9 and
MMP-12), and interstitial collagens (COL IIl and COL VI), all linked
with Th2 effector function (43, 44). Interestingly, deletion of IL-10
alone had little effect. Indeed, only small increases in MMP-12 and
minor reductions in pro-Col IIl and pro-Col VI mRNA were observed
in IL-107- mice (Supplemental Figure 3), consistent with their sup-
pressed fibrotic responses at 8 weeks after infection (Figure 8B).
However, deleting IL-13Ra2 alone or in combination with IL-10 led to
significantly increased Ym-1, FIZZ-1, MMP-9, MMP-12, pro-Col III,
and pro-Col VI mRNA expression when compared with WT mice
(Supplemental Figure 3). These data suggest that IL-13Ra2 is the
dominant regulator of IL-13 effector function in the tissues. In fact,
the only difference detected between IL-13R027/- and dKO mice
was a slight increase in Ym-1 and MMP-9 and small but significant
increase in MMP-12 and IL-5 in the dKO mice. Thus, although it is
clear that IL-10 and IL-13Rai2 both regulate Th2-driven disease, they
target distinct pathological features, with IL-10 inhibiting inflam-
mation and IL-13Ra2 suppressing downstream IL-13-dependent
effector responses (AHR/mucus/tissue remodeling/fibrosis).

IL-10 and IL-13Ro2 collaborate to control mortality following infection
with S. mansoni. Finally, survival studies were performed with the var-
ious KO mice for up to 42 weeks to determine the long-term conse-
quences of IL-10/IL-13Ra.2 deficiency. Deletion of IL-10 alone had
litcle impact on survival, with 80% survival at week 20 (Figure 8C). In
contrast, IL-13R027/~ mice displayed significant mortality, with only
40% of the animals surviving through week 20. dKO mice, however,
had the most dramatic response, with 40% mortality observed as
early as week 10 after infection and reaching nearly 100% by week
20. In most cases, blood was found in the gut at autopsy. These data
demonstrate that survival during S. mansoni infection is controlled by
IL-10 and IL-13Ra2. Nevertheless, the results suggest that IL-13Ra2
plays the greater role during chronic Th2-driven responses.

Discussion
Diseases characterized by persistent Th2 cytokine responses, such
as asthma and chronic helminth infections, are associated with the
development of significant tissue pathology. Recent studies estab-
lished a critical role for IL-13 in these processes (3). Although IL-10
has been shown to regulate Th2-driven inflammation, we show
that many of the pathological changes associated with persistent
Th2 responses are inhibited by the actions of the IL-13 decoy recep-
tor IL-13Ra2. IL-10 and IL-13Ra2 were both upregulated during
acute and chronic Th2 responses, and mice genetically deficient in
IL-10 and IL-13R0a2 (dKO mice) developed exacerbated pathology.
In contrast to IL-107/- mice, the dKO mice developed significant
AHR and goblet cell hyperplasia following allergen exposure in
the lung. The dKO mice also developed more fibrosis during acute
S. mansoni infection, compared with IL-107/- mice, and they rap-
idly succumbed to the infection. Thus, IL-10 and IL-13Ra2 are
both required to restrain Th2-dependent inflammation and to
prevent development of downstream immunopathologies. Indeed,
our data illustrate distinct but cooperative roles for IL-10 and
IL-13Ra2 in the downregulation of Th2-driven pathology.

The function of IL-10 in Th2 immunity is controversial, with
reports arguing for and against a role for IL-10 in the development
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of Th2 responses and associated pathologies (28). For example,
transgenic expression of IL-10 in the airways exacerbated silica-
induced Th2 pathology (29), with IL-10 overexpression trigger-
ing mucus metaplasia, tissue inflammation, and airway remodel-
ing (45). However, other studies suggested that IL-10 is either not
involved in (24, 38) or has an inhibitory effect on Th2 responses
(31, 33). Indeed, it has previously been shown that IL-10 (33, 34) or
IL-10-producing CD4*CD25" cells can inhibit Th2-associated air-
way inflammation (35, 36) as well as granuloma formation in schis-
tosomiasis (27). Our data support an inhibitory role for IL-10, since
IL-107/- mice displayed significantly stronger Th2 responses follow-
ing allergen exposure in the lung or when infected with S. mansoni.
Nevertheless, despite developing stronger Th2 responses and increased
inflammation, several pathological features associated with IL-13
production were reduced in the absence of IL-10. The explanation for
these divergent findings was unknown, although they indicated that
additional mechanisms were regulating Th2 effector function.

Several studies have reported a failure to induce AHR in IL-10-/
mice, an IL-13-driven process (11), even though IL-107/- mice devel-
op stronger Th2 responses and increased inflammation (37, 38).
Previous studies suggested that IL-10 acts directly on airway smooth
muscle cells and is thus critically involved in the development of
AHR. In support of these findings, a study by Van Scott and col-
leagues (33) observed increased AHR following IL-10 administration,
despite significantly reduced inflammation. We observed a similar
paradoxical role for IL-10 in our studies, with increased inflamma-
tion and IL-13 production in IL-107/- mice correlating with reduced
AHR. The decrease in AHR was also associated with reduced mucus
production and gob § and MucSac mRNA expression in the lung,
suggesting that IL-13 bioactivity was being inhibited in the absence
of IL-10 (46). Interestingly, IL-13R0.2 mRNA expression increased
in the lungs of the IL-107/- mice, and elevated levels of the soluble
IL-13Ra2 were found in the serum. Therefore, we theorized that the
IL-13 decoy receptor, produced primarily by activated fibroblasts and
epithelial cells (18, 47-49), might be responsible for the reduced AHR
and mucus responses of allergen-challenged IL-10-/- mice.

To formally test this hypothesis, we generated IL-10/-IL-13Ra27/-
(dKO) mice and compared their responses with those of IL-107- and
IL-13Rai27/~ mice in acute and chronic Th2 models. Strikingly,
although inflammation was similarly increased in IL-107/- and dKO
mice following intratracheal SEA administration, the reduced AHR
and mucus responses of IL-107/~ mice were completely reversed in
the dKO animals. In fact, the dKO mice developed stronger AHR
when compared with both IL-107- and WT mice, suggesting that
IL-13Ra2 was functioning as a potent negative regulator of AHR,
particularly in IL-107- mice, which develop stronger Th2 responses.
Consequently, these observations rule out IL-10 as a direct inducer of
AHR (37, 38). We were also able to reverse the phenotype of the dKO
mice by administering a soluble form of IL-13Ra2 (sIL-13Ra2-Fc)
(14, 16, 18), thus further demonstrating the critical role of the IL-13
decoy receptor in the suppression of AHR. Although previous studies
utilized sIL-13Ra2-Fc to neutralize IL-13 function (50-53), to our
knowledge these are the first data demonstrating an important func-
tional role for the endogenous IL-13R02 in a model of allergic airway
inflammation. They also reveal an essential collaboration between
IL-10 and IL-13Rai2, with IL-10 functioning as the dominant inhibi-
tor of inflammation and Th2 cytokine production and IL-13Ra.2
serving as a key downstream inhibitor of AHR and mucus secretion.

Mechanistically, these data argue that IL-13Ra2 is responsible for
the reduced AHR and mucus responses of IL-107/~ mice. However,
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in addition to generating stronger IL-13Ra2 responses, the IL-107/-
mice also displayed significant increases in IL-12 (data not shown)
and IFN-y, both of which have been shown to antagonize goblet cell
hyperplasia (54, 55). Thus, increased production of Th1 cytokines
could provide an additional explanation for the reduced mucus and
AHR responses of IL-107- mice. In contrast to their effects on goblet
cell hyperplasia, however, the role of [FN-y and IL-12 in the regulation
of AHR is more controversial, with some reports demonstrating a
reduction in AHR following exogenous IFN-y/IL-12 treatment (41, 42)
and others showing a reduction when the cytokines are blocked (55).
Therefore, to clarify the potential contribution of the elevated Th1
response of IL-107- mice, we also generated IL-10/-IL-12/- mice and
compared their AHR and mucus responses with those of the IL-10/-
and IL-107/-IL-13Ra27- animals. Although deletion of IL-12 on the
IL-107/- background led to significant increases in AHR and goblet
cell hyperplasia, the responses in IL-107/-IL-13Ra27/- dKO mice were
consistently more marked, suggesting that IL-13Ra2 was function-
ing as the dominant inhibitor. When viewed together, these data
demonstrate that the IL-13 decoy receptor and Th1 response coop-
erate to suppress AHR and mucus production in IL-107/- mice. Thus,
it will be important to determine whether similar mechanisms are at
play in humans suffering from various Th2-associated disorders.

The studies conducted in the lung focused on the role of IL-10
and IL-13Ra2 in an acute setting of Th2-driven disease. Therefore,
we performed additional studies with the schistosomiasis model,
a well-established system for studying chronic Th2-driven inflam-
mation. Similar to our lung studies, granulomatous inflammation
increased in the IL-107/- mice, compared with WT mice, particu-
larly at the acute time point after infection (week 8). The increase in
granuloma size was also associated with a marked increase in Th2
cytokine production in the liver. Nevertheless, fibrosis and pro-Col
III and pro-Col VI mRNA expression were significantly reduced in
the IL-107/- mice at week 8. As in the lung, the decrease in liver fibro-
sis was associated with a significant IL-13Ra2 response. Important-
ly, infection studies conducted with dKO mice revealed the critical
regulatory function of IL-13Ra2. Here again, acute inflammation
was predominantly controlled by IL-10, while IL-13Ra.2 served as
the dominant inhibitor of fibrosis. Indeed, IL-107/- and dKO mice
displayed a similar increase in granulomatous inflammation at
week 8. However, fibrosis was enhanced only in dKO mice and asso-
ciated with enhanced MMP9, pro-Col III, and pro-Col VI mRNA
expression compared with that in IL-107/- mice.

The cooperation between IL-10 and IL-13R02 was particularly
evident in chronically infected mice, where IL-10 and IL-13Ra2
have previously been shown independently to downregulate gran-
ulomatous inflammation and fibrosis (27, 56, 57). Nevertheless,
the dKO mice consistently developed the largest granulomas and
most severe liver fibrosis, which likely contributed to their acceler-
ated mortality. Thus, these data suggest that 2 distinct but equally
important regulatory molecules inhibit acute and chronic Th2
pathologies. Their mechanisms of action appear to be unique, with
IL-10 controlling CD4* Th2 cell development and inflammation
and IL-13Ra2 regulating IL-13 effector function, including AHR,
mucus secretion, and fibrosis. These findings likely explain the con-
fusing literature regarding the function of IL-10 in Th2 immunity,
since few studies have considered the important contribution of
the IL-13 decoy receptor. From this study, it is clear that Th2-medi-
ated inflammation does not always correlate with the development
of significant immunopathology and that targeting specific media-
tors, such as IL-13, may curtail or even prevent immune-mediated
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pathologies while allowing inflammation to continue. They also
illustrate how IL-10 and IL-13Ra2 might be exploited in the treat-
ment of a variety of Th2-driven diseases, including asthma, ulcer-
ative colitis, and chronic helminth infections.

Methods
Animals. Female BALB/c, C57BL/6, BALB/c IL-13Ra2/-, BALB/c IL-107-,
BALB/c IL-10-/-IL-13Ra2/- (BALB/c background; >10 generations) and
BALB/cIL-107/-IL-12-/- (BALB/c background; >10 generations), 6-8 weeks
old, were obtained from NIAID animal facilities at Taconic. IL-10-GFP
reporter mice, designated as tiger (interleukin-ten ires GFP-enhanced
reporter), were generated at the Yale University School of Medicine as
described previously (40) and bred as homozygotes for the transgene.
All animals were housed under specific pathogen-free conditions at the
NIH in an American Association for the Accreditation of Laboratory Ani-
mal Care-approved facility. The NIAID animal care and use committee
approved all experimental procedures. A minimum of 5 mice per group
were used in each experiment, unless otherwise indicated.

Reagents. S. mansoni SEA was obtained from sterile LPS-free liver-derived
eggs from chronically infected BALB/c mice.

Allergen-induced airway inflammation. Mice were immunized by i.p. inocu-
lation with 10 ug SEA from S. mansoni in PBS and boosted again with 10 ug
of SEA i.p. 14 days later. On days 28 and 31, mice were anesthetized with
20 ul/g body weight i.p. of a tribromoethanol anesthetic, Avertin, and given
airway challenges with 10 ug of SEA in PBS by the intratracheal route.
Mice were killed 24 hours after the final airway challenge (day 32) to assess
airway inflammation and AHR.

S. mansoni infection. Mice were infected percutaneously via the tail with 30
cercariae of a Puerto Rican strain of S. mansoni (NMRI) obtained from Biom-
phalria glabrata snails (Biomedical Research Institute). SEA was obtained
from purified and homogenized S. mansoni eggs as described previously
(58). Animals were perfused at the time of euthanasia so that worm and
tissue egg burdens could be determined as described previously (58).

BAL fluid and differential cell counts. Twenty-four hours after the final chal-
lenge, mice were anesthetized with pentobarbital. The trachea was cannu-
lated and airspaces lavaged with an initial 500 ul of sterile PBS, followed
by two 500-ul PBS washes. Fluids were centrifuged at 1,200 g, and pellets
recovered from all 3 lavage washes were pooled into 1 ml of PBS for total
BAL cell counts and cellular analysis. The supernatants of the initial 500 ul
of BAL fluid were stored at -80°C for biochemical analyses. Cytospins were
prepared by spinning 5 x 10° cells onto poly-(L-lysine)-coated slides followed
by Diff-Quick (Boehringer) staining. Differential cell counts were performed
at x100 magnification; a minimum of 200 cells were counted for each slide.

AHR. Mean Penh was calculated from a 5-minute measurement period
after administration of 2.5 minutes of inhaled methacholine (Sigma-Aldrich)
at 3-50 mg/ml. Penh measurements were executed 24 hours after the final
SEA challenge by whole-body plethysmography (Buxco) as described previ-
ously (59). For measurement of intubated Ry, mice were anesthetized with
sodium pentobarbital on day 32, one day after last SEA challenge. Mice were
mechanically ventilated at a rate of 150 breaths/min with a tidal volume of
6 ml/kg. One port of a 4-way connector was attached to the tracheotomy tube,
and the other 2 ports were attached to the inspiratory and expiratory side of
the ventilator, respectively. Aerosolized methacholine was administered for
10 seconds with a tidal volume of 10 ul, with airflow calculated from the
pressure changes of the plethysmograph by BioSystem XA software (Buxco).
Mean Ry was registered continuously during the infusion of methacholine to
express changes in murine airway function as previously described (60).

ELISA. Cytokines were measured by ELISA using suppliers’ guide-
lines. Capture antibodies for IL-5 (2 ug/ml) were from BD Biosciences
— Pharmingen. Capture antibodies for eotaxin (0.4 ug/ml) were from
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R&D Systems. Biotinylated detection antibodies were from BD Biosciences
— Pharmingen (IL-5; 2 ug/ml) or R&D Systems (eotaxin; 0.4 ug/ml). In
vivo serum IL-5 was measured according to ref. 61. Total IgE was mea-
sured with anti-mouse IgE capture antibody (clone R35-72; BD Biosciences
— Pharmingen) and biotinylated anti-mouse IgE detection antibody (clone
R35-118; BD Biosciences — Pharmingen), using a monoclonal IgE stan-
dard curve (clone 27-74; catalog 553481). To measure soluble IL-13Ra2,
immunosorbent plates were coated with rmIL-13 (0.5 ug/ml) (provided by
Wyeth) in PBS overnight. Plates were washed with 0.05% Tween-20 in PBS
(PBST) and blocked with 5% milk in PBST. Mouse serum (at 1:10 or 1:40)
and assay standard diluted in PBST plus 1% BSA were added for 2 hours
at 37°C. The detection antibody biotinylated goat anti-mouse IL-13Ra.2
(R&D Systems) was added for 2 hours at 37°C. Peroxidase-labeled strepta-
vidin (1:1,000 for 1 hour at 37°C) and ABTS (2,2'-azino-di[3-ethylbenzthi-
azoline-6-sulfonate]) peroxidase substrate (both from Kirkegaard & Perry
Laboratories) were used to detect biotinylated antibody. The concentra-
tion of IL-13Rai2 in the sample was determined from a serial-fold diluted
standard of rmIL-13Rai2-Fc/chimera (R&D Systems). The sensitivity of the
assay was 98 pg/ml. OD was read at 405 nm in an ELISA reader.

Flow cytometry. Cells were stained with antibodies diluted in PBS with
0.5% BSA (Sigma-Aldrich), 0.05% sodium azide (Sigma-Aldrich) for
20 minutes at 4°C. For detection of CD4*CD25*IL-10-GFP* cells, mono-
clonal rat anti-mouse CD4 (L3T4, clone RM4-5, isotype rat IgG2a) and
rat anti-mouse CD25 (PC61, isotype rat IgG1) were used. For detection of
intracellular IL-13 and IFN-y, cells were stimulated with PMA and ionomy-
cin in the presence of brefeldin A for 3 hours, after which cells were surface
stained for CD4 and/or CD2S, permeabilized in Cytofix/Cytoperm (BD
Biosciences — Pharmingen), washed in Perm/Wash buffer (BD Biosciences
— Pharmingen) according to the manufacturer’s recommendations, and
stained with PE-labeled rat anti-mouse IL-13 (unlabeled antibody provided
by Lily Li, Centocor, Horsham, Pennsylvania, USA) or FITC-labeled anti-
mouse IFN-y (BD Biosciences — Pharmingen) for 30 minutes. IL-10-GFP
reporter mice, designated as tiger, allowed us to identify IL-10-producing
cells ex vivo without subsequent manipulation. The expression of surface
markers and intracellular cytokines was analyzed on a FACSCalibur (BD)
flow cytometer using Flow]Jo software (Tree Star).

Histopathology and fibrosis. The sizes of hepatic granulomas were deter-
mined on histological sections stained with Wright-Giemsa stain. Around
30 granulomas per mouse were included in all analyses. Hepatic collagen
was measured as hydroxyproline after hydrolysis of 200 mg of liver in 5 ml
of 6 N HCI. The increase in hepatic hydroxyproline was positively related to
worm pairs in all experiments and was expressed as micromoles per worm
pair ([infected liver collagen - normal liver collagen]/worm pair). The same
individual scored all histological features and had no knowledge of the
experimental design. For histopathological analyses of lungs in the allergy
model, formalin-fixed (4% paraformaldehyde in PBS) lungs were processed
and embedded in paraffin for sectioning (Histopath of America). H&E
stains or Giemsa stains were used for analysis of airway inflammation and
pathological changes. Perivascular and peribronchial inflammation as well
as edema evaluations were scored on a scale of 1-4+ arbitrary units by an
observer blinded to the experimental protocol, taking into account both
the degree of inflammation and its distribution. For example, an inflam-
matory infiltrate would be graded as 3+ if an infiltrate of 4 cells in thickness
involved most bronchi and blood vessels. The sum of both scores was used
to quantify inflammation (up to a total of 8+). Goblet cells were stained with
alcian blue-PAS (AB-PAS) with positive bronchial epithelial cells also scored
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on an arbitrary 1-4+ basis. PAS-positive cells were confined to bronchi
more than 100 wm in diameter. A 3+ grade was given when a third of the
cells in most bronchi more than 100 um in diameter were positive, a 1+
grade when more than 10 cells in such bronchi were found in the section.

RNA isolation and purification and real-time PCR. Total RNA was extracted
from lung and liver tissue samples in 1 ml TRIZOL reagent (Invitrogen).
The sample was homogenized using a tissue Polytron (Omni Interna-
tional), and total RNA was extracted according to the recommendations
of the manufacturer and further purified using an RNeasy Mini Kit
from QIAGEN. Individual sample RNA (1 ug) was reverse transcribed
using SuperScript II Reverse Transcriptase (Invitrogen) and a mixture
of oligo(dT) and random primers. Real-time RT-PCR was performed 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 compara-
tive 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 con-
trols. Primers were designed using Primer Express software (version 2.0;
Applied Biosystems). Primers for IL-4, IL-13, IL-10, HPRT, IL-13R0.2,
Ym-1, Fizz-1, and IFN-y were previously published in ref. 62. Other prim-
er sequences were as follows: IL-5, sense 5" TGACAAGCAATGAGACGAT-
GAGG-3', antisense 5'-ACCCCCACGGACAGTTTGATTC-3'; gob S, sense
S'-CATCGCCATAGACCACGACG-3', antisense S'-TTCCAGCTCTC-
GGGAATCAAA-3"; MucSac, sense 5'-CAGGACTCTCTGAAATCGTAC-
CA-3', antisense 5'-AAGGCTCGTACCACAGGGA-3"; COL III, sense
5'-AACCTGGTTTCTTCTCACCCTTC-3', antisense 5'-ACTCATAG-
GACTGACCAAGGTGG-3'; COL VI, sense 5'-CGCCCTTCCCACT-
GACAA-3', antisense 5'-GCGTTCCCTTTAAGACAGTTGAG-3'; MMP-9,
sense 5'-CAGACGTGGGTCGATTCCA-3', antisense 5'-CATCTCTCGC-
GGCAAGTCTT-3'; MMP-12, sense 5'-CTGGGCAACTGGACAACT-
CAACTC-3', antisense 5'-AATGCTGCAGCCCCAAGGAAT-3'.

Statistics. Data sets were compared by Mann Whitney U test or 1-way
ANOVA as specified in figure legends. Differences were considered signifi-
cantat P <0.0S.
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