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Immune responses associated with intestinal nematode infections are characterized by the activation of
T-helper 2 (Th2) cells. Previous studies demonstrated that during Trichinella spiralis infection, Th2 cells
contribute to the development of intestinal muscle hypercontractility and to worm eviction from the gut, in part
through signal transducer and activator of transcription factor 6 (Stat6). Interleukin-9 (IL-9), a Th2-cell-
derived cytokine, has pleiotropic activities on various cells that are not mediated through Stat6. In this study,
we investigated the role of IL-9 in the generation of enteric muscle hypercontractility in mice infected with the
intestinal parasite 7. spiralis and the cecal parasite Trichuris muris. Treatment of mice with IL-9 enhanced
infection-induced jejunal muscle hypercontractility and accelerated worm expulsion in 7. spiralis infection.
These effects were associated with an up-regulation of IL-4 and IL-13 production from in vitro-stimulated
spleen cells. In addition, increases in the level of intestinal goblet cells and in the level of mouse mucosal mast
cell protease 1 (MMCP-1) in serum were observed in infected mice following IL-9 administration. However, the
neutralization of IL-9 by anti-IL-9 vaccination or by anti-IL-9 antibody had no significant effect on worm
expulsion or muscle contraction in 7. spiralis-infected mice. In contrast, the neutralization of IL-9 significantly
attenuated 7. muris infection-induced colonic muscle hypercontractility and inhibited worm expulsion. The
attenuated expulsion of the parasite by IL-9 neutralization was not accompanied by changes in goblet cell
hyperplasia or the MMCP-1 level. These findings suggest that IL-9 contributes to intestinal muscle function
and to host protective immunity and that its importance and contribution may differ depending on the type of

nematode infection.

Among the distinct CD4*-T-helper-cell subsets (29), the
T-helper 2 (Th2) type of immune response is important in host
protective immunity to many intestinal nematode infections
and is characterized by the expression of cytokines such as
interleukin-4 (IL-4), IL-5, IL-9, and IL-13 (9, 16, 19). The
association between host protective immunity and the Th2 type
of immune response has been observed in infections with both
the small intestinal nematode Trichinella spiralis (9, 20, 24) and
the cecal parasite Trichuris muris (10, 11). Consequently, con-
siderable interest has focused on the effector functions induced
by Th2 cytokines, including mucosal mastocytosis, eosino-
philia, goblet cell hyperplasia, and intestinal muscle hypercon-
tractility.

Infection of mice or rats with nematode parasites is associ-
ated with a variety of alterations in intestinal physiology, in-
cluding enhanced contractility of small intestinal muscle (13,
36; J. M. Goldhill, F. Finkelman, J. Urban, S. Morris, C. R.
Maliszewski, and T. Shea-Donohue, Gastroenterology 108, ab-
str. A286, 1995) and intestinal goblet cell hyperplasia (9, 19,
23). Previously, Vallance et al. demonstrated that nematode
infection-induced intestinal muscle hypercontractility is, at
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least in part, immune mediated, as it was attenuated in infected
athymic CD4 "/~ and major histocompatibility complex class
II-deficient mice (38). Recently, Khan et al. also reported that
the Th2 cytokines IL-4 and IL-13 are present in the muscularis
externa during nematode infection and contribute to changes
in intestinal muscle function through a process dependent on
signal transducer and activator of transcription factor 6 (Stat6)
(24). In contrast, the Th2 cytokine IL-5 contributes little to
these responses (37).

There is growing interest in the Th2 cytokine IL-9, which
acts on various cell types, including T and B lymphocytes, mast
cells, eosinophils, lung epithelial cells, and hematopoietic pro-
genitors (7, 8, 31, 39). IL-9 has been shown to protect mice
from gram-negative bacterial shock, and this effect was corre-
lated with the down-regulation of tumor necrosis factor alpha,
IL-12, and gamma interferon production and with the up-
regulation of IL-10 production (21). The generation of trans-
genic mice overexpressing IL-9 has suggested a critical role for
this cytokine in a variety of immunological responses, including
intestinal mastocytosis and enhanced resistance to nematode
infection (14, 15). Nevertheless, neither the role of IL-9 in
intestinal muscle function nor the precise effector mechanism
by which IL-9 contributes to host protection during intestinal
nematode infection is known.

In the present study, using two different nematode species,
T. spiralis and T. muris, which inhabit the small intestine and
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the large intestine, respectively, we have assessed the contri-
bution of IL-9 to infection-induced enteric muscle hypercon-
tractility and worm expulsion from the gut. For the first time,
we demonstrate that IL-9 influences muscle hypercontractility
during nematode parasite infections. While the administration
of IL-9 enhanced infection-induced jejunal muscle contraction
and worm expulsion in T. spiralis infection, the neutralization
of IL-9 had no significant effect on muscle contraction or worm
expulsion. In contrast, the neutralization of IL-9 significantly
attenuated colonic muscle contraction and worm expulsion in
T. muris infection. These results suggest a role for IL-9 in
intestinal muscle hypercontractility and highlight differences in
the contributions of this cytokine to host protection against
different nematode infections.

MATERIALS AND METHODS

Animals. C57BL/6 and BALB/c mice were obtained from Jackson Laborato-
ries; they were kept in sterilized, filter-topped cages and fed autoclaved food in
the animal facilities of McMaster University. Only male mice were used, at the
age of 8 to 10 weeks. The protocols used were in direct accordance with guide-
lines drafted by the McMaster University Animal Care Committee and the
Canadian Council on the Use of Laboratory Animals.

Parasitological techniques. The 7. spiralis parasites used in this study origi-
nated in the Department of Zoology at the University of Toronto, and the colony
was maintained through serial infections alternating between male Sprague-
Dawley rats and male CD1 mice. The larvae were obtained from infected rodents
60 to 90 days postinfection (p.i.) by using a modification (40) of the technique
described by Castro and Fairbairn (5). Mice were killed at various times p.i.
Adult worms were recovered from mice after the intestine had been opened
longitudinally, rinsed, and placed in Hanks’ balanced salt solution for 3 h at 37°C.
Worms were counted under a dissecting microscope.

The techniques used for 7. muris maintenance, infection, and recovery were
described previously (41). Mice were infected with approximately 100 eggs and
killed at various times p.i.

In vivo treatments. 7. spiralis-infected mice were injected intraperitoneally
(i.p.) with IL-9 (100 ng/day) which had been purified from the serum of IL-9
transgenic mice on immobilized rat anti-mouse IL-9 antibody. Dose-response
studies had revealed that this dose is optimum for in vivo experiments. Control
mice received the same volume of buffer (phosphate-buffered saline [PBS] plus
1% mouse serum) as that used for the cytokine injection. Treatment was per-
formed every day from the day of infection until the mice were sacrificed.

For neutralizing IL-9, mice were treated with murine anti-IL-9 monoclonal
antibodies (MM9A1 and MMOCI) or were vaccinated against IL-9 with IL-9
chemically complexed to ovalbumin (OVA) to induce neutralizing anti-IL-9
antibodies as described previously (32). For the latter experiments, control mice
were immunized with OVA only. In studies with anti-IL-9 antibodies, mice were
treated with 1 mg of antibody or control mouse immunoglobulin G (IgG) on day
0 and then with 0.5 mg on every alternate day until day 20 p.i.

Measurement of muscle contraction in intestinal muscle strips. Preparation of
intestinal muscle strips for muscle contractility experiments and analysis of car-
bachol-induced contraction were described previously (36). Briefly, the jejunum
or colon was removed and placed in oxygenated (95% O,-5% CO,) Krebs
solution, and 1-cm sections of whole gut were cut from the jejunum or from the
colon. The lumen of each segment was flushed with Krebs buffer prior to the
insertion of short (2- to 3-mm) lengths of Silastic tubing (outer diameter, 0.065
in.; inner diameter, 0.030 in.; Dow Corning, Midland, Mich.) into the open ends
of the gut segments. Tubing was then tied in place with surgical silk. The
insertion of the tubing was found to maintain the patency of the gut segments
over the course of the experiments. Segments were then hung in the longitudinal
axis and attached at one end to an FT03C force transducer (Grass, Quincy,
Mass.), and responses were recorded on a Grass 7D polygraph. Tissues were
equilibrated for 30 min at 37°C in Krebs buffer that had been oxygenated with
95% O, 5% CO, before the start of the experiment. The previously identified
optimal tension (400 mg for jejunum and 800 mg for colon) was then applied in
carbachol dose-response experiments before the addition of the first dose of
carbachol (36). Previous experiments had indicated that these values were the
optimal tensions for determining the maximal responsiveness of both control and
inflammed tissues. After the application of tension, the gut segments were
exposed to different concentrations of carbachol. After the maximal response to
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each dose was obtained, the tissues were rinsed twice and equilibrated in fresh
Krebs solution for 15 min before the addition of the next dose. Contractile
responses to carbachol were expressed as milligrams of tension per cross-sec-
tional area as described previously (36). For each mouse, the mean tension was
calculated from at least three segments.

Measurement of contraction and relaxation in dispersed smooth muscle cells.
Muscle cells were isolated from longitudinal muscle of the myenteric plexus
(LMMP) in the jejunum of noninfected C57BL/6 mice by a method similar to
that used by Bitar and Makhlouf to prepare smooth muscle cells from the guinea
pig stomach (4). Briefly, the jejunum was removed and placed in Dulbecco
modified Eagle medium with 1% antibiotic-antimycotic agent. LMMP was pre-
pared by careful dissection, preincubated with 10 ng of IL-9/ml or with PBS
overnight in a 5% CO, incubator, and then incubated for two successive 10-min
periods at 31°C in 10 ml of HEPES medium (98.1 mM NaCl, 3.87 mM KCl, 2.42
mM NaH,PO, - H,0, 4.86 mM L-glutamic acid, 4.86 mM fumaric acid, 4.86 mM
pyruvate, 11.17 mM glucose, 1.79 mM CacCl,, 1.2 mM MgSO, + 7TH,0, 23.5 mM
HEPES [pH 7.4]) containing 10 mg of collagenase (CLS type 1; Sigma, St. Louis,
Mo.)/ml, bovine serum albumin (Sigma), and trypsin inhibitor. After incubation,
the partly digested LMMP was washed with enzyme-free HEPES medium and
reincubated in 10 ml of fresh HEPES medium to allow the cells to disperse
spontaneously. Cells were then harvested by filtration through 210-wm polyester
mesh.

Dispersed cells were stimulated by the addition of an 0.8-ml aliquot of the cell
suspension to 0.1 ml of the test agent and incubation at room temperature for
30 s, because we previously found that carbachol induced the maximal contractile
response in jejunal longitudinal smooth muscle cells after 30 s of incubation. The
reaction was interrupted by the addition of acrolein to a final concentration of
1%. The median cell length of 50 cells on each slide was measured with a
microscope by using image-splitting micrometry, and the percent decrease in the
mean cell length relative to that of the control was determined.

MMCP-1 ELISA. The levels of mouse mucosal mast cell protease 1
(MMCP-1) in serum were measured by using an MMCP-1 enzyme-linked im-
munosorbent assay (ELISA) kit purchased from Moredun Animal Health (Peni-
cuik, United Kingdom) as previously described (22). Briefly, rabbit anti-
MMCP-1 was used as a capture antibody. Tenfold serial dilutions of serum were
made from 1/10 to 1/10,000. Horeseradish peroxidase-conjugated rabbit anti-
mouse MMCP-1 was then added, and quantification was carried out by reference
to purified MMCP-1.

Evaluation of in vitro cytokine production from spleen cells. Single-cell sus-
pensions of spleen tissues were prepared in RPMI 1640 containing 10% fetal calf
serum, 5 mM L-glutamine, 100 U of penicillin/ml, 100 pg of streptomycin/ml, 25
mM HEPES, and 0.05 mM 2-mercaptoethanol (all from Gibco-BRL). Cells (107)
were incubated in the presence of concanavalin A (ConA) (5 pg/ml) or 50 pg of
T. spiralis antigen/ml. Culture supernatants were harvested after 48 h and stored
at —20°C. Cytokines in the supernatants were measured by ELISAs with com-
mercially available kits purchased from R & D Systems (Minneapolis, Minn.).

Histological analysis. A segment (1 cm in length) of small intestine or cecum
tip was fixed in 10% neutral buffered formalin and processed by standard histo-
logical techniques. The neutral buffered formalin-fixed sections were stained with
periodic acid-Schiff stain for counting intestinal goblet cells. The number of
goblet cells was expressed per 10 villus crypt units.

Statistical analysis. Data were analyzed by using Student’s ¢ test, with a P value
of <0.05 being considered significant. All results are expressed as the mean and
standard error of the mean (SEM).

RESULTS

IL-9 administration to normal C57BL/6 mice stimulated
intestinal muscle contractility. The administration of IL-9 to
noninfected C57BL/6 mice significantly increased jejunal mus-
cle contractility. As shown in Fig. 1a, carbachol-induced jejunal
muscle contractility increased significantly in IL-9 treated mice
compared to that in PBS-treated mice after 10 days of daily
IL-9 treatment. To determine the locus of action of IL-9, we
investigated the ability of IL-9 to contract dispersed jejunal
smooth muscle cells. Strips of muscle were preincubated with
the cytokine prior to dispersion of the cells and subsequent
stimulation by carbachol. Preincubation with IL-9 did not alter
mean cell length; cell lengths were 44.5 = 3.4 pm in IL-9-
exposed cells and 42.4 = 6.2 um in control cells. Carbachol (0.1
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FIG. 1. IL-9-stimulated carbachol-induced contraction of jejunal muscle strips and dispersed muscle cells in noninfected C57BL/6 mice. (a)
Maximum tension generated by jejunal muscle strips in response to 1 wM carbachol. Noninfected C57BL/6 mice were treated i.p. with IL-9 (100
ng/day) or sterile PBS in 1% normal serum for 10 days and killed to investigate carbachol-induced muscle contraction in the jejunal muscle strips.
Values are means and SEMs for five animals. An asterisk indicates a significant difference compared to the value obtained in PBS-treated mice.
(b) Dose-response curve for carbachol-induced jejunal muscle cell contraction. LMMP from the jejunum was preincubated with PBS or IL-9 (10
ng/ml) overnight prior to dispersion of the cells. Carbachol-induced contraction in dispersed muscle cells was measured. Values are means and

SEMs from four or five experiments. conc., concentration.

nM)-induced contraction of cells exposed to IL-9 was 28.6% =
0.3%, a significant increase over the value of 8.2% * 3.1%
seen in control cells exposed to PBS (Fig. 1b).

IL-9 enhanced jejunal muscle contractility and intestinal
worm expulsion in 7. spiralis-infected mice. We next investi-
gated the effect of exogenous IL-9 on intestinal muscle con-
traction during 7. spiralis infection of mice. As shown in Fig.
2a, carbachol-induced jejunal muscle contractility increased
significantly in IL-9-treated infected mice compared to that in
PBS-treated infected mice at days 7 and 14 p.i. This result was
not a reflection of the carbachol dose used in these experi-
ments, as differences between IL-9-treated mice and PBS-
treated mice were observed for several doses (Fig. 2b).

To investigate the effect of IL-9 on T. spiralis expulsion,
infected mice were treated with IL-9 and sacrificed on different
days p.i. to count worm numbers in the small intestine. Re-
peated treatment of mice with IL-9 accelerated worm expul-
sion in mice infected with T. spiralis. We recovered significantly
lower numbers of worms from IL-9-treated mice than from
control mice on days 7 and 14 p.i. (Fig. 2¢).

IL-9 enhanced serum MMCP-1 levels and intestinal goblet
cell numbers in T. spiralis infection. MMCP-1 levels were
undetectable in noninfected mice. Infection with 7. spiralis
caused a clear increase in serum MMCP-1 concentrations
(from <0.1 to 16.85 = 0.8 ng/ml). IL-9 administration to both
noninfected and 7. spiralis-infected mice resulted in a signifi-
cant up-regulation of the enzyme (Fig. 3a).

The administration of IL-9 during T. spiralis infection also
increased the numbers of intestinal goblet cells. As shown in
Fig. 3b, there was a significant elevation of goblet cell numbers
at day 14 p.i. in 7. spiralis-infected mice, and IL-9 administra-
tion significantly enhanced the development of this infection-
induced goblet cell hyperplasia on day 14 p.i.

Administration of IL-9 up-regulates IL-4 and IL-13 produc-
tion from in vitro-stimulated spleen cells. To evaluate the
influence of IL-9 on the production of IL-4 and IL-13 in T.
spiralis infection, spleen cells collected from IL-9- or PBS-
treated infected mice on day 8 p.i. were stimulated with ConA
or with 7. spiralis antigen. The production of both IL-4 and
IL-13 in cultures of ConA-stimulated spleen cells collected
from IL-9 treated mice was significantly increased (Table 1). A
similar trend was also observed after in vitro stimulation with
T. spiralis antigen.

Anti-IL-9 antibody administration or anti-IL-9 vaccination
did not alter jejunal muscle contractility or worm expulsion in
T. spiralis-infected mice. Although the administration of IL-9
to T. spiralis-infected mice enhanced jejunal muscle contractil-
ity and worm expulsion, we could not establish a role for
endogenous IL-9 in the development of muscle hypercontrac-
tility in 7. spiralis-infected mice. The neutralization of IL-9 by
anti-IL-9 monoclonal antibody or by anti-IL-9 vaccination had
no significant effect on intestinal muscle contractility (Fig. 4a)
or on worm expulsion (Fig. 4b) in T. spiralis infection.

Anti-IL-9 vaccination attenuated colonic muscle contractil-
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FIG. 2. IL-9-enhanced jejunal muscle contraction and 7. spiralis worm expulsion in C57BL/6 mice. Mice were infected with T. spiralis and then
treated with IL-9 (100 ng/day) or sterile PBS in 1% normal serum. Mice were killed at days 7 and 14 p.i. to investigate muscle contraction and worm
recovery. (a) Maximum tension generated by jejunal muscle strips taken from 7. spiralis-infected mice in response to carbachol. Day 0 shows data
for control noninfected mice. (b) Dose-response relationships for carbachol-induced contraction of jejunal muscle strips from IL-9 treated infected
and PBS-treated infected mice on day 7 p.i. conc., concentration. (c) Worm recovery on days 7 and 14 after 7. spiralis infection. Values are means
and SEMs for five animals. A single asterisk indicates a value significantly higher than that in PBS-treated infected mice. A double asterisk indicates

a value significantly lower than that in PBS-treated infected mice.

ity and inhibited worm expulsion in 7. muris infection. To
investigate the effect of the neutralization of IL-9 in another
nematode parasite, which resides in a different location of the
gut, the cecum, mice were vaccinated against IL-9 and infected
with 7. muris. In contrast to the findings observed with T.
spiralis, the neutralization of IL-9 significantly inhibited worm
expulsion and attenuated colonic muscle hypercontractility in
T. muris infection. As shown in Fig. 5a, we observed a signif-
icantly lower degree of colonic muscle contractility on days 11
and 17 p.i. in mice immunized against IL-9 with the IL-9- OVA
complex but not in mice treated with OVA alone. This lower
degree of muscle contractility correlated with the presence of
higher numbers of worms in the cecum. We recovered sub-
stantially higher number of worms on day 34 p.i. from the ceca
of both C57BL/6 and BALB/c mice, which were given the IL-9-
OVA complex to neutralize IL-9 activity, than from the ceca of
OVA-treated control mice (Fig. 5b). Similar results were also
observed with anti-IL-9 monoclonal antibody treatment in
BALB/c mice on days 21 and 35 p.i. (Fig. 5c).

Blocking of IL-9 is not associated with significant changes
in serum MMCP-1 levels or in goblet cell numbers during 7.
spiralis or T. muris infection. Blocking of IL-9 with either
anti-IL-9 antibody or the IL-9- OVA vaccination procedure
had no effect on serum MMCP-1 levels in either T. spiralis- or
T. muris-infected mice (Fig. 6). To verify that the failure of
anti-IL-9 antibody to block MMCP-1 induction after infection
was not the result of excessive IL-9 production, noninfected
mice were treated with 10 g of anti-IL-9 antibody/mouse (a
dose 50 times lower than that used for infected mice) prior to

two daily injections of IL-9 (200 ng/mouse). Serum MMCP-1
levels measured 24 h after IL-9 administration rose from less
than 1 to 36.1 = 17.8 ng/ml in mice given IL-9 only but re-
mained undetectable when IL-9 was given after anti-1L-9 treat-
ment.

Anti-IL-9 antibody or anti-IL-9 vaccination also had no sig-
nificant effect on jejunal goblet cell numbers in 7. spiralis-
infected mice or on colonic goblet cell numbers in 7. muris-
infected mice (data not shown).

DISCUSSION

The present study demonstrates that IL-9 induces hypercon-
tractility of jejunal smooth muscle, acting at the level of intes-
tinal musculature. In mice infected with T. spiralis, this effect
was accompanied by accelerated worm expulsion. These results
emphasize the importance of muscle hypercontractility for host
defense through facilitation of the eviction of the parasite from
the gut and the potential use of IL-9 to stimulate this response.
Endogenous IL-9 does not, however, appear to play a critical
role in the hypercontractility observed in unmanipulated 7.
spiralis-infected C57BL/6 mice, since anti-IL-9 antibody did
not interfere with worm clearance. As it was previously shown
that hypercontractility induced by 7. spiralis is mediated largely
through Stat6, we interpret the action of IL-9, which is not a
Stat6 activator, to reflect its ability to enhance IL-4 and IL-13
activities.

In contrast to the observations made with T. spiralis, 1L-9
plays a critical role in mediating the hypercontractility of co-
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FIG. 3. IL-9-enhanced serum MMCP-1 levels and intestinal goblet cell numbers in T. spiralis infection. (a) T. spiralis-infected and noninfected
mice were treated with IL-9 (100 ng/day) or with sterile PBS in 1% normal serum. Mice were killed on day 14 p.i. to investigate serum MMCP-1
levels. Values are means and SEMs for four animals. (b) Intestinal goblet cell response in 7. spiralis infection. Mice were infected with T. spiralis
and then treated with IL-9 (100 ng/day) or sterile PBS in 1% normal serum. Mice were killed on days 7 and 14 p.i. to investigate periodic
acid-Schiff-stained intestinal goblet cell numbers. Day 0 shows data for control noninfected mice. Values are means and SEMs for five animals.
An asterisk indicates a significant difference compared to the value obtained in PBS-treated infected mice. VCU, villus crypt unit.

lonic muscle during 7. muris infection. Taken together, these
results indicate that the roles of individual cytokines in the
generation of Th2-mediated muscle hypercontractility differ
according to the type of nematode infection: while IL-4 and
IL-13 are required and sufficient for hypercontractility induced
by T. spiralis infection, IL-9 is required for an optimal response
to T. muris infection. In both situations, however, increasing
IL-9 levels accelerates worm clearance.

T. spiralis is a parasite that dwells in the small intestine, and
studies with animal models have demonstrated that, like other
nematode infections, infection with T. spiralis is associated with
enhanced contractility of small intestinal muscle (6, 33, 36). A
previous study from our laboratory showed that mouse strains
expelling this parasite rapidly (e.g., NIH Swiss) exhibit a
greater degree of small intestinal muscle contractility than

TABLE 1. Cytokines produced by in vitro-stimulated spleen cells”

Treatment used Level (pg/ml) of:

with T. spiralis Stimulation
infection IL-4 IL-13
PBS ConA 1355 =143 392.7 =235
1L-9 ConA 313.9 = 60.9 752.9 = 95.7
PBS T. spiralis antigen 63.9 = 12.8 156 = 18.2
IL-9 T. spiralis antigen 138.4 £ 17.3 315.9 = 56.9

“ C57BL/6 mice were infected with 7. spiralis orally and treated i.p. with PBS
or IL-9 (100 ng/daily) from the day of infection. Mice were killed on day 8 p.i.,
spleen cells were stimulated with ConA or T. spiralis antigen for 48 h, and the
levels of IL-4 and IL-13 present in the supernatants were investigated by ELISAs.
Each value represents the mean and SEMs for four mice.

B10.BR mice, which expel this parasite slowly (36). Recent
work has shown that jejunal muscle hypercontractility is atten-
uated in mice deficient in Stat6, suggesting an important role
for Th2 cytokines (24). Very recently, it was also shown that
IL-4 and IL-13 enhance carbachol-induced contraction in dis-
persed smooth muscle cells isolated from the jejunum of mice
(1). It was also shown that the transfer and overexpression of
the IL-12 gene during Th2-based 7. spiralis infection shift the
immune response toward Th1 and inhibit worm expulsion. In
addition, this shift in the immune response attenuates infec-
tion-induced muscle hypercontractility (26). Taken together,
these results clearly indicate that the Th2 type of immune
response is critical for the development of intestinal muscle
hypercontractility in this infection and also that the processes
underlying muscle hypercontractility and parasite expulsion
may share a common immunological basis and may be causally
related. In the present study, the IL-9-mediated enhancement
of muscle contractility in infected mice might have occurred as
the result of an additive effect of this cytokine on other Th2
cytokines or simply through an increase in the production of
IL-4 and IL-13, both of which were produced in higher
amounts from spleen cells from IL-9-treated mice. IL-9 induc-
tion of IL-4, IL-5, and IL-13 expression in lungs was also shown
recently by Temann et al. (34).

To assess the contribution of IL-9 in T. spiralis infection, we
also studied the effect of IL-9 treatment on muscle contractility
and worm expulsion in Stat6-deficient mice infected with T.
spiralis. Consistent with previous findings (24), significant at-
tenuation of infection-induced intestinal muscle contractility
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days 14 and 21 p.i. to investigate jejunal muscle contraction. Day 0 shows data for control noninfected mice. (b) Worm recovery from 7.
spiralis-infected mice following neutralization of IL-9 by anti-IL-9 vaccination or by anti-IL-9 antibody. Mice were immunized with IL-9- OVA or
treated with anti-IL-9 antibody and then infected with T. spiralis. Mice were killed on day 21 p.i. to investigate intestinal worm burden. Values are

means and SEMs for five animals.

and inhibition of worm expulsion occurred in Stat6-deficient 7.
spiralis-infected mice. In spite of the acceleration of worm
expulsion and the enhancement of muscle contractility in wild-
type C57BL/6 mice, IL-9 treatment had no significant effect on
muscle contractility or on worm expulsion in Stat6-deficient
mice on days 7 and 14 p.i. (data not shown). On the basis of
these results, it seems likely that the effect that we observed on
muscle contractility was due to increased production of IL-4
and IL-13. The failure to inhibit the development of muscle
hypercontractility and worm expulsion by using two different
methods of IL-9 neutralization may have been due to a dom-
inant effect of IL-4 or IL-13 in this infection, a situation similar
to that recently observed in the context of worm expulsion in
IL-4-deficient mice (2). Previous studies suggested that block-
ing of both IL-4 and IL-13 is required for efficient inhibition of
worm expulsion in 7. spiralis infection but that blocking of
either IL-4 or IL-13 is sufficient to inhibit worm expulsion in 7.
muris infection (17). It is possible that in 7. spiralis infection,
immunoneutralization of IL-9 failed to affect worm expulsion
and muscle contractility due to a compensatory action of IL-4
or IL-13 or both.

The nematode parasite 7. muris inhabits the large intestine
of mice and is closely related at the morphological, physiolog-
ical, and antigenic levels to Trichuris trichuria, the causative
agent of chronic trichuriasis in humans (12). Different inbred
strains of mice exhibit differential immune responsiveness to 7.

muris infection. Resistant strains (C57BL/6, BALB/c, and
BALB/K) mount a Th2 type of response and expel the parasite
rapidly from the intestine, while susceptible strains (AKR and
B10.BR) develop a chronic infection with the activation of a
nonprotective Thl type of response (11). Previous studies with
T. muris demonstrated that IL-9 transgenic mice, which con-
stitutively overexpress IL-9, expel worms more quickly than
wild-type mice (15) and that vaccination against IL-9 inhibits
worm expulsion (32) from the intestine. Although the impor-
tance of IL-9 in the generation of a host protective immune
response in this infection was well documented in these stud-
ies, the ultimate effector mechanisms by which IL-9 mediates
the eviction of the parasite from the gut remain to be deter-
mined. In this study, we clearly observed an attenuation of 7.
muris infection-induced colonic muscle contraction in mice
which were immunized against IL-9. This finding correlated
with the inhibition of worm expulsion from the large intestine.
These findings clearly indicate that IL-9 plays a critical role in
worm expulsion and muscle hypercontractility during this nem-
atode infection. In addition, as IL-9 activates Stat3 (42), the
results of the present study indicate that in addition to the
Stat6 pathway, other pathways, such as the Stat3 pathway, may
also be involved in intestinal muscle function.

Characteristic components of the cellular immune response
to nematode infections also include mucosal mastocytosis and
goblet cell hyperplasia (9, 19). Here, we further investigated
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FIG. 5. IL-9 immunoneutralization attenuates colonic muscle contraction and inhibits worm expulsion in 7. muris infection. C57BL/6 or
BALB/c mice vaccinated against IL-9 or treated with anti-IL-9 antibody were infected with 100 eggs of T muris orally. Mice were killed on different
days p.i. to investigate colonic muscle contraction and worm recovery. (a) Maximum tension generated by colonic muscle in C57BL/6 mice in
response to 1 wM carbachol on days 11 and 17 p.i. Day 0 shows data for control noninfected mice. (b) Worm recovery on day 34 p.i. from C57BL/6
and BALB/c mice after anti-IL-9 vaccination. (c) Worm recovery from BALB/c mice after anti-IL-9 antibody (MM9A1) treatment. A single
asterisk indicates a value significantly lower in IL-9- OVA-treated mice than in OVA-treated mice. A double asterisk indicates a value significantly
higher than that in OVA-treated mice. Values are means and SEMs for four animals.

the extent to which these responses are IL-9 dependent and are
involved in host protection against these two nematode infec-
tions. Mast cells are generally considered important for host
protective immunity in 7. spiralis infection, although some con-
troversy exists (27, 35). To investigate the mast cell response,
we quantified the levels in serum of MMCP-1, a protease
known to be produced by mucosal mast cells in vivo (30). The
administration of exogenous IL-9 increased MMCP-1 levels in
T. spiralis infection. As IL-9 is a growth factor for mast cells,
this increment in MMCP-1 levels reflects the efficacy of in vivo
IL-9 treatment. Moreover, the suppression of MMCP-1 by
anti-IL-9 antibody treatment in noninfected mice suggested
that the antibody effectively inhibited the activity of IL-9 in
vivo. Nevertheless, the absence of any significant effects of
anti-IL-9 antibody treatment on MMCP-1 levels and worm
expulsion in 7. spiralis-infected mice indicates that other cyto-
kines compensate for the absence of IL-9 in maintaining
MMCP-1 levels in this infection. Recently, we found that
MMCP-1 levels are decreased in 7. spiralis-infected I1L-4
knockout mice immunized against IL-9 (unpublished observa-
tion), suggesting that effective inhibition of MMCP-1 is attain-
able by blocking both IL-4 and IL-9 but not by blocking IL-9
only.

While IL-9 immunoneutralization inhibited worm expulsion,
it had no significant effect on serum MMCP-1 levels in T.

muris-infected mice. This observation supports a previous ob-
servation that immunization against IL-9 had no significant
effect on mucosal mast cell numbers in the cecum in this
nematode infection compared to a control (32). These obser-
vations do not support a major role for mast cells in the
expulsion process of 7. muris, an observation similar to one
recently made for anti-IL-3 antibody treatment in this parasite
infection (3).

Hyperplasia of mucin-secreting intestinal goblet cells has
also been observed in a number of nematode infections, in-
cluding T. spiralis and T. muris infections (9, 18, 23, 25). Mucins
from goblet cells may play an important role in trapping and
removing intestinal nematodes from the gut (28). In this study,
we observed significantly higher numbers of goblet cells in
IL-9-treated mice than in PBS-treated mice infected with 7.
spiralis. This enhancement of the goblet cell response may also
be due to the additive effects of IL-9 on other Th2 cytokines.
Although exogenous IL-9 treatment increased goblet cell num-
bers in the intestine, neutralization of this cytokine had no
significant effect on these cells in 7. spiralis infection. In T.
muris infection, although goblet cell numbers decreased in
mice which were immunized against IL-9, the reduction was
not statistically different from that in controls. Thus, IL-9-
mediated host protective immunity in 7. muris infection cor-
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FIG. 6. Neutralization of IL-9 does not alter serum MMCP-1 levels
in T. spiralis and T. muris infections. In a T. spiralis infection, mice were
treated with anti-IL-9 monoclonal antibody or with mouse IgG (1 mg
on day 0 and then 0.5 mg on every alternate day) and then killed on day
14 p.i. to investigate serum MMCP-1 levels by ELISAs. In a T. muris
infection, mice were immunized with IL-9- OVA complex or OVA and
then killed on day 17 p.i. to investigate MMCP-1. Values are means
and SEMs for four animals.

related more with colonic muscle hypercontractility than with
goblet cells.

In conclusion, the present data indicate that IL-9 influences
intestinal muscle function during enteric nematode infection
and that the involvement of this cytokine in host protective
immunity in nematode infection differs in infections with dif-
ferent species of nematodes. The results suggest that when
1L-9 stimulates intestinal muscle contraction, it is associated
with an acceleration of worm clearance, and that anti-IL-9
neutralization inhibits worm clearance when it is associated
with an attenuation of muscle contraction. While IL-9 seems to
be critical in the development of colonic muscle hypercontrac-
tility and worm expulsion in 7. muris infection, it is not essen-
tial for the development of hypercontractility in 7. spiralis-
infected mice, although the addition of IL-9 enhanced
hypercontractility and worm expulsion, presumably by an ad-
ditive affect of its action together with those of IL-4 and IL-13.
This study provided evidence for a role of IL-9 in immune-
mediated alterations in intestinal muscle function and gener-
ated interesting data on the contribution of the same cytokine
to host protection in different species of nematode parasites.
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