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Interleukin-10 (IL-10) was at first described as a Th2-associated cytokine, although more recent reports have
shown that immunosuppression applies to both Thl and Th2 cell responses, e.g., when produced by T
regulatory cells. This concept when applied to human filariasis would argue that high parasite loads are
associated with IL-10, while bona fide Th2 responses, mediated by IL-4, IL-5, and IL-13, are associated with
parasite containment. To prove this relationship in a causal manner, we investigated the roles of IL-4 and
IL-10 in a helminth infection model in which mice genetically deficient for IL-4, IL-10, or IL-4 plus IL-10 were
infected with the rodent filaria Litomosoides sigmodontis. Compared to C57BL/6 wild-type and IL-10 knockout
(KO) mice, IL-4 KO mice remained susceptible, exhibiting a remarkable number of live adult worms. Inter-
estingly however, when the IL-10 gene was knocked out simultaneously with the IL-4 gene, the susceptibility of
IL-4 KO mice was reversed. Although production of IFN-y was increased in IL-4/IL-10 double-knockout mice,
depletion of gamma interferon did not affect worm elimination, so it seems unlikely to be the major factor in
mediating resistance in IL-4/IL-10 KO mice. Taken together, the results of this study add proof to the concept
that has arisen for human filariasis that IL-10-dependent responses, which are associated with patency, are
antagonistic to bona fide Th2 responses, which control parasite loads. The finding that knockout of IL-10
reversed a disease phenotype induced by knockout of IL-4 gives the first causal evidence of an antagonistic
activity between IL-4 and IL-10 in an infection in vivo.

Filariasis, which affects more than a 180 million people in
the tropics, is a major cause of severe morbidity and consider-
able socioeconomic problems. Animal models are powerful
tools to investigate immune mechanisms induced by different
parasite developmental stages. The precise immune mecha-
nisms that govern worm control in mice are only partially
understood. The current consensus is that the host elicits a
mixed T-helper type 1 (Th1)-Th2 response, which is essential
for the containment of different developmental stages. Thus,
the Thl cytokine IFN-v is needed for adult worm control in
murine infection with Brugia malayi (3) and Litomosoides sig-
modontis (29), apparently through encapsulation and clearance
mediated by neutrophils (1, 29). Furthermore, injection of B.
malayi microfilariae (MF) into otherwise uninfected mice stim-
ulated the production of IFN-y (20, 21, 27, 28). On the other
hand, interleukin-5 (IL-5) is essential for vaccine-mediated
protection (24) and controls adult worm development and
microfilaremia in primary infection (1, 25, 36). Of even more
relevance for the present study is that IL-4 mediated pathways
are necessary for the control of microfilaremia after full infec-
tion with L. sigmodontis L3 organisms that have developed into
fertile adult worms (36, 37). In resistant C57BL/6 mice, IL-4 is
required to prevent the development of adult worms as well as
microfilaremia (22).

The recently developed T regulatory concept (10), when
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applied to human and animal filariasis, would argue that in
filariasis high worm and microfilarial loads are associated with
the immunosuppressive cytokine IL-10 (produced by T cells
and also a variety of non-T cells), while bona fide Th2 re-
sponses, mediated by IL-4, IL-5, and IL-13, are associated with
parasite containment (13, 31, 35). However, direct evidence for
IL-10 being antagonistic to IL-4 in regard to parasite loads has
not been obtained so far for helminth infection. Thus, in mu-
rine schistosomiasis, IL-4/IL-10 double-knockout (KO) mice
succumbed earlier to infection than their single-KO littermates
but showed equivalent parasite loads (15). In the present study,
we infected mice deficient for IL-4, IL-10, or both cytokines
with the rodent filaria L. sigmodontis. Confirming earlier data
(22), adult worms and MF were recovered from IL-4-deficient
mice on the resistant C57BL/6 background. However, the ad-
ditional knockout of IL-10 led to a reversal in worm load. This
indicates a counterregulatory role for IL-10 in the susceptibil-
ity conferred by IL-4 deficiency.

(This study formed part of a Ph.D. thesis by S. Specht at the
Faculty of Biology, University of Hamburg.)

MATERIALS AND METHODS

Animal maintenance and infection of mice with L. sigmodontis. 1L.-4/IL-10 KO
mice on a C57BL/6 background were obtained from A. Sher and T. Wynn
(National Institutes of Health, Bethesda, Md.). IL-10 KO mice on a C57BL/6
background (19) were provided by H. Mossmann (Max Planck Institute for
Immunobiology, Freiburg, Germany). IL-4 KO mice and C57BL/6 wild-type (wt)
mice (originally from Jackson Laboratories) and the knockout strains mentioned
above were housed under specific-pathogen-free conditions in microisolator
cages. KO offspring, wild-type C57BL/6 mice, and cotton rats were bred at the
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animal facilities of the Bernhard Nocht Institute. Natural infections were per-
formed as described previously (2). At least five mice were used for each group.

Parasite recovery. Adult worms were removed from the pleural cavity and
counted at days 42 and 65 postinfection (p.i.). The thoracic cavity was flushed
with 2 ml of phosphate-buffered saline (PBS) containing 1% fetal calf serum
(FCS), and the worms were allowed to sediment. The microfilaria count was
determined from 50 wl of EDTA-treated peripheral blood or 200 pl of pleural
cavity flush after staining with Hinkelmann’s solution (0.5% [wt/vol] eosin Y,
0.5% [wt/vol] phenol and 0.185 [vol/vol] formaldehyde in distilled water) as
described previously (2).

Purification of peripheral blood MF. MF were purified from the peripheral
blood of cotton rats on a Percoll gradient as described previously (6). In brief,
isosmotic Percoll was prepared by mixing 9 parts of Percoll (density, 1.130 g/ml)
with 1 part of 2.5 M sucrose. Various dilutions of the isosmotic Percoll in 0.25 M
sucrose were made to obtain 25, 30, and 35% solutions. The gradient dilutions
were layered in 15-ml tubes, and peripheral blood, diluted 1:2, was pipetted onto
the Percoll layers. The tubes were then centrifuged at 400 X g for 30 min at room
temperature. Recovered MF (between the 25 and 30% layers) were washed with
RPMI 1640-1% FCS, and 1.5 X 10° viable MF were injected intravenously into
naive mice.

Analysis of developmental stages of MF. The fertility of the worms was de-
termined by assessing the presence or absence of embryonic stages in squeeze
preparations of individual worms. Formalin-fixed worms were placed in a small
volume of PBS on a glass slide and cut in the midpoint. Another glass slide was
placed on top of the worm, and the two slides were gently pressed together to
force the contents of the worms into the phosphate-buffered solution. Uterine
tube contents were examined at a magnification of X40. The stages checked for
were morula and fully elongated (stretched) microfilariae. The examiner was
blind to the origin of samples.

Cell culture. The culture of splenocytes was carried out in 96-well culture
plates (Greiner, Frickenhausen, Germany) in RPMI 1640 supplemented with
10% FCS, glutamine, and gentamicin at 37°C with 5% CO,. Spleens were teased
to single-cell suspension, and erythrocytes were removed by incubation with
ammonium chloride. Pleural cavity cells (2 X 10°) and whole splenocytes were
cultured for 72 h in the presence of medium, 10 pg of L. sigmodontis adult worm
antigen per well, or 50 ng of concanavalin A per well. Supernatants were re-
moved and frozen for cytokine determination.

Cytokine assays. Concentrations of the cytokines IFN-y, IL-10, and IL-4 in the
pleural wash, serum (dilution of 1:10), and culture supernatant were determined
by specific two-site enzyme-linked immunosorbent assays (ELISAs), using stan-
dard protocols. The antibody pairs for capture and detection (biotinylated) were
purchased from BD PharMingen (Heidelberg, Germany) in the combinations
recommended. They were used at a concentration of 1 pg/ml. Recombinant
cytokines (BD PharMingen) were used as standards. IL-13 ELISA was per-
formed with the Duo ELISA kit (R&D Systems, Wiesbaden, Germany). All
ELISAs were developed after incubation with streptavidin-peroxidase complex
(1:10,000; Roche-Boehringer, Mannheim, Germany), using 3,5,3',5'-tetrameth-
ylbenzidine (Roth, Karlsruhe, Germany) at 6 mg/ml in dimethyl sulfoxide as the
substrate. The sensitivity was 20 pg/ml.

Antibody treatment. Monoclonal antibodies were purified from hybridoma
culture supernatants (XMG 1.2, anti-IFN-y; TRFK-4, control isotype) by am-
monium sulfate precipitation and affinity purification over a protein G column
(Pharmacia, Freiburg, Germany) according to standard procedures. Mice were
treated at weekly intervals with 1 mg/mouse starting on day 20 until day 41
postinfection.

Antibody isotype analysis. Microtiter plates were coated overnight with 10 pg
of L. sigmodontis adult worm antigen per ml in PBS (pH 9.6). After blocking with
1% bovine serum albumin, sera (1:1,000) were incubated for 5 h at room tem-
perature. After washing, plates were incubated with isotype-specific anti-mouse
immunoglobulin antibodies conjugated with biotin (PharMingen) for 1 h.
ELISAs were developed after incubation with streptavidin-peroxidase complex
(1:10,000; Boehringer), using 3,5,3’,5'-tetramethylbenzidine (Roth) at 6 mg/ml in
dimethyl sulfoxide as the substrate.

Statistical analysis. The nonparametric Mann-Whitney U test, including Bon-
ferroni correction, was performed to assess the statistical differences in parasite
loads, microfilarial clearance, and humoral immunoglobulin G (IgG) production.
Furthermore, analysis of variance (ANOVA) was used to determine differences
attributable to the mouse strains independent of the variance of the single
experiments. ANOVA was done for parasite loads, MF counts (which had been
log transformed to meet parametric assumptions), and IL-10 and IFN-y produc-
tion by splenocytes. A P value of <0.05 was considered to represent a statistically
significant difference. Box plots represent medians and percentiles (10, 25, 50, 75,
and 90%).
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FIG. 1. L. sigmodontis-infected I1L-4 KO mice contain significantly
(Mann-Whitney U test and Bonferroni correction, P < 0.0024) more
adult parasites than L. sigmodontis-infected C57BL/6, IL-10 KO, or
IL-4/IL-10 KO mice at day 65 postinfection. Viable parasites were
obtained by pleural lavage and counted. Results from one of six con-
sistent experiments comprising six to eight animals per group are
shown.

worm load

RESULTS

Susceptibility of IL-4 KO mice to L. sigmodontis infection is
reversed when IL-10 is knocked out. The courses of infection
in C57BL/6 wt, IL-4 KO, IL-10 KO, and IL-4/IL-10 double-KO
mice were monitored. At day 42 p.i., adult worms were recov-
ered from all mouse strains, with IL-4 KO mice having slightly
higher worm loads (data not shown). At day 65 p.i., all worms
had been cleared in wild-type mice, whereas IL-4 KO mice still
harbored a significant number of worms (Fig. 1). Interestingly,
the additional deficiency of IL-10 in IL-4/IL-10 double-knock-
out mice reversed the susceptibility seen in IL-4 KO mice. Only
two out of six double-knockout mice harbored three and five
adult worms, respectively, whereas all six IL-4 KO mice con-
tained adult worms (range, 16 to 147). IL-10 KO mice showed
worm levels equivalent to those of IL-4/IL-10 KO mice. This
finding was reproduced in six additional experiments. ANOVA
testing confirmed for all seven experiments that parasite loads
were independent from experiment to experiment variation
but strictly depended on the single (IL-4 KO) versus double
(IL-4/IL-10 KO) deficiency (P < 0.0001). Worms in IL-4
knockout mice also reached sexual maturity and released mi-
crofilariae into the thoracic cavity and eventually in the blood.
No microfilariae were detected in the pleural cavity or blood of
wild-type, IL-10 KO, or IL-4/IL-10 double-knockout mice (Ta-
ble 1).

Equivalent clearance of intravenously injected microfilariae
in all mouse strains. In order to monitor clearance of MF
without interference of adult worms, 100,000 MF of L. sigmo-
dontis were injected intravenously. IL-10 KO mice were not
available for this experiment but are known to show declines of
MF equivalent to those in wild-type C57BL/6 mice (17). All
mouse strains cleared the MF with similar kinetics (Fig. 2). A
50% drop in microfilaremia was seen on day 1 following injec-
tion in all strains. No microfilaremia was detected past day 6.
This indicates that there is no direct effect of cytokine defi-
ciency on MF containment.

Filaria-specific antibody responses do not correlate with the
parasite load. L. sigmodontis antigen-specific antibodies in the
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TABLE 1. Development of patent infection in IL-4 KO mice but
not in IL-10 KO strains”

No. of MF in”:

Strain

Pleural lavage fluid (200 pl) Blood (50 i)

C57BL/6 0 0

IL-4 KO 31 (1-1,982)° 0 (0-113)*
IL-10 KO 0 0
IL-4/IL-10 KO 0 0

“ Blood and pleural cavity MF statuses in L. sigmodontis-infected C57BL/6 and
IL-10-, IL-4, and IL-4/IL-10-deficient mice were assessed at day 65 p.i.

> Medians (10 to 90% percentiles) are given.

¢ P < 0.0001 by ANOVA of log-transformed pleural lavage fluid MF counts.

4P = 0.0198 by ANOVA of log-transformed blood MF counts.

sera on day 65 p.i. were investigated. Consistent with the fact
that IL-4 is a major factor in class switching to IgG1, the two
strains deficient for IL-4 produced little to no filaria-specific
IgG1 (Fig. 3A). Conversely, these strains displayed elevated
levels of IgG2a (Fig. 3B). The fact that immunoglobulin sub-
class production followed the pattern of IL-4 expression but
not that of parasite loads suggests that antifilarial antibodies of
these subclasses do not correlate with parasite containment in
these mouse strains.

Anti-IFN-y antibody does not alter parasite loads in IL-4/
IL-10 KO mice. Given that in BALB/c mice an impact of IFN-y
on the control of adult worms was shown earlier (29), it was of
interest to monitor IFN-y production in the different mouse
strains after L. sigmodontis infection. At day 65 p.i., splenocytes
of KO strains in comparison to wild-type mice displayed in-
creased levels of IFN-y in vitro upon stimulation with mitogen
or L. sigmodontis antigen (Fig. 4), with much larger amounts
being produced by the IL-4/IL-10 double-knockout mice than
by IL-4 single-knockout mice. In IL-4/IL-10 KO and IL-10 KO
mice, elevated basal secretion of IFN-y was observed.
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FIG. 2. There is no difference in the clearance of microfilariae
(mean values *+ standard errors of the means) following intravenous
injection of 100,000 MF in C57BL/6, IL-4 KO, and IL-4/IL-10 KO mice
(n = 8 in each group). Results from one of two consistent experiments
are shown.
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FIG. 3. Humoral analysis of C57BL/6, IL-4 KO, IL-4/IL-10 KO,
and IL-10 KO mice following infection. Results for filarial specific
IgG1 (A) and IgG2a (B) are shown, representing one of two consistent
experiments. For each isotype, four or five mice were bled at day 65 p.i.
by retro-orbital venipuncture. Sandwich ELISA was performed to de-
termine the filaria-specific concentration of the relevant isotype in
serum. *, significant difference in IgG concentration (Mann-Whitney
U test and Bonferroni correction, P = 0.0044).

To find out whether the increase in IFN-y production in
IL-4/IL-10 double-knockout mice was responsible for their re-
sistance to a patent infection, anti-IFN-y antibody was injected
into the peritoneal cavities of these mice at weekly intervals
from day 20 to day 41 p.i. in a separate experiment. Mice were
sacrificed and analyzed for their worm containment at 65 days
p.i. Consistently, the number of worms found in the thoracic
cavities of IL-4 KO mice was significantly higher than that in all
other strains. However, in two separate experiments no differ-
ence was observed between anti-IFN-y-treated and control
Ig-treated IL-4/IL-10 KO mice (Fig. 5). There was also no
significant difference (determined by ANOVA) when data
from the two experiments were combined. An insufficient ef-
ficacy of the anti-IFN-vy antibody treatment is not likely, since
rectal prolapse development in the IL-4/IL-10 KO strain (ob-
served in approximately one-third of cases) was reversed each
time after the repeated injections. In addition, analysis of
IFN-y levels at day 65 p.i., i.e., 23 days after the last antibody
administration, showed that IFN-v levels were highly elevated
in IL-4/IL-10 KO mice (420 * 253 pg/ml [mean * standard
error) but were reduced to the level of that of IL-4 KO mice
(11 = 9 pg/ml) in anti-IFN-y-treated IL-4/IL-10 KO mice (7 %
6 pg/ml). As a further control experiment, IFN-y KO mice on
a C57BL/6 background were infected with L. sigmodontis. The
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FIG. 4. Splenocytes of infected mice with IL-10 deficiency show
higher IFN-y production at day 65 p.i. after restimulation with filarial
antigen (B) or concanavalin A (ConA) (C), as do unstimulated
(A) cells. Sandwich ELISA was performed to determine the murine
IFN-y concentration. Results from two consistent experiments, com-
prising four or five animals per group, were combined by using
ANOVA, which showed that this difference is not due to variations
from infections. The asterisks indicate significantly higher IFN-y levels
in IL-10 and IL-4/IL-10 KO strains compared to wild-type and IL-4
KO mice (P < 0.0001) (A, B, and C) and in IL-4/IL-10 KO mice
compared to IL-10 KO mice (P < 0.05) (A and B).

course of parasite infection appeared to be equivalent to that
in C57BL/6 wt mice in that at day 65 p.i. (i.e., at the time point
when IL-4/IL-10 KO mice treated with anti-IFN-y were as-
sessed), neither strain contained adult worms (data not
shown). This further suggests that in mice on the C57BL/6
background, IFN-vy is not a major mediator of parasite control.
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FIG. 5. Treatment of infected IL-4/IL-10 KO mice with anti-IFN-y
antibodies (horizontal stripes) has no effect on worm load compared to
that in IL-4/IL-10 mice treated with control Ig. C57BL/6, IL-10 KO,
IL-4 KO, and IL-4/IL-10 KO mice were naturally infected with L.
sigmodontis, and the worm load was analyzed 65 days later. *, signifi-
cant increase in IL-4 KO mice compared to all other genotypes of mice
(P < 0.05), with four to seven mice per group (four in the antibody-
treated groups).

IL-4 KO mice permit worm embryogenesis, while IL-4/IL-10
KO mice do not. In order to monitor the effects of IL-4 and
IL-10 on worm fertility, adult female worms recovered from
the thoracic cavity were subjected to an analysis of embryo-
genesis, using the squeeze preparation technique. Develop-
ment from oocytes to stretched and motile micofilariae was
accomplished only in IL-4 KO mice. However, embryos pre-
pared from worms recovered from IL-4/IL-10 double-KO mice
failed to develop past the morula stage (Table 2). These data
suggest that IL-4 and IL-10 exert contrasting effects on embry-
ogenesis in murine filariasis.

IL-10 levels in sera are elevated in IL-4 KO mice. The data
described above suggested that IL-10 might be involved, prob-
ably indirectly, in the embryogenesis and thus in permissivity
towards filarial infection in IL-4 KO mice. In support of this,
blood was drawn from the animals from three experiments and
then analyzed collectively by Student’s ¢ test. Sera from IL-4
KO mice showed elevated levels of IL-10 at day 65 p.i. com-
pared to those from C57BL/6 wt mice (Fig. 6).

IL-13 is not elevated in IL-4/IL-10 KO mice. In order to look
for other possible mechanisms of parasite control in IL-4/IL-10
KO mice, IL-13 levels in serum and pleural lavage fluid were
analyzed at day 65 p.i. No significant difference between mouse
strains was observed when four independent experiments with

TABLE 2. Fertility of Litomosoides worms as determined by
squeeze preparations

Embryo development in female
worms at day 65 p.i.

Strain NoA. of No. of
mice worms No. of worms No. of worms
positive for positive for
morula stage stretched MF
C57BL/6 7 2 0 0
IL-4 KO 8 31 23 17
IL-10 KO 8 7 0 0
IL-4/IL-10 KO 8 9 9 2
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FIG. 6. IL-10 levels in sera of mice infected naturally with L. sig-
modontis. Significantly (P = 0.0347) elevated levels were observed in
IL-4 KO mice. The data represent the combined analysis of sera from
animals of three experiments analyzed with Student’s ¢ test. ANOVA
confirmed that the significant difference did not arise from variation in
the natural infection model.

sera (Fig. 7A) (ANOVA, P > 0.05) and eight independent
experiments with pleural lavage fluid (Fig. 7B) (ANOVA, P >
0.05) were analyzed. This argues against the hypothesis that
elevated IL-13 mediates resistance in IL-4/IL-10 KO mice
compared to full susceptibility in IL-4 KO mice.

DISCUSSION

Infections with filarial worms in humans and mice typically
induce a Th2 response as do other helminth infections, with
the classic hallmarks being elevated production of IL-4, IL-5,
and IL-13 as well as elevated levels of serum IgE and eosino-
philia. For quite some time after the establishment of the
Th1-Th2 dichotomy, IL-10 was also considered a Th2 marker,
at least in mice, due to its profound antagonistic effects on Thl
responses, while inhibitory effects on IL-5 production by hu-
man T cells have been known for a longer time (32, 41, 42).
Increasing evidence from animal models of allergic diseases
suggests that IL-10 acts as an inhibitor of Th2 responses in
vitro and in vivo (8).

However, a direct antagonism between IL-4 and IL-10 has
not been shown so far. The novel finding in this study is that
causal evidence for such an antagonism can be directly dem-
onstrated for parasite loads in a helminth infection. Thus,
while deficiency of IL-4 permitted persistence of filarial worms
and microfilarial production, this permissivity was reversed in
mice deficient in both IL-4 and IL-10 (Fig. 1). The presence of
IL-10 and absence of IL-4 in this system were associated with
embryo development (Table 2).

Our results on the role of IL-10 in compromising Th2 cyto-
kine-mediated protection differ from earlier data for murine 7.
muris infection, where deficiency of IL-10 and IL-4 led to a
failure to eliminate Trichuris muris larvae (33). In this model,
IL-4/IL-10 double-KO mice showed neither an increased nor a
reduced larval burden in comparison to single-knockout mice.
The differences from murine filariasis may be due to (i) the fact
that IL-10 per se is essential for worm control in 7. muris and
(ii) the fact that Thl responses promote susceptibility to 7.
muris infection and are similarly induced in mice deficient for
IL-10, IL-4, or both cytokines, while in murine filariasis Thl
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FIG. 7. IL-13 levels in sera (A) and pleural lavage fluid (B) of mice
naturally infected with L. sigmodontis. No significant differences could
be observed between C57BL/6, IL-4 KO, IL-10 KO, and IL-4/IL-10
KO mice when analyses of four (A) and eight (B) experiments were
combined and analyzed with Student’s ¢ test. ANOVA confirmed that
the significant difference did not arise from variation in the natural
infection model.

responses either do not influence parasite loads (C57BL/6
background) or are associated with protection (29).

One may conclude from this comparison that different
mechanisms of parasite control are effective in different hel-
minth infections. Accordingly, in experimental murine schisto-
somiasis, mice deficient for either IL-10 or IL-4 or for both
cytokines displayed parasite loads that were not different from
those of wild-type mice (15, 16, 40).

Differences from schistosomiasis were also found in regard
to infection-induced IFN-y production in IL-4/IL-10 KO mice.
While IL-4/IL-10 KO mice had an excessive Thl response to
schistosomiasis and died significantly earlier than did sin-
gle-KO mice, in our study IL-4/IL-10 KO mice did not suc-
cumb to infection, although IFN-vy levels were strongly ele-
vated compared to those in wt and IL-4 KO mice and were
elevated to a lesser extent compared to those in IL-10 KO mice
(Fig. 4). In addition, the role of IFN-y in parasite control
seems to differ between schistosomiasis and filariasis: in
BALB/c mice the complete absence of IFN-y resulted in in-
creased loads of adult filariae, whereas only small amounts of
IFN-y, as observed in IL-12 KO mice, were sufficient to limit
adult worm loads to the level in BALB/c control mice (29).
This is different on the C57BL/6 background, where IFN-y
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deficiency does not result in elevated worm loads (data not
shown).

Still, the control experiment with C57BL/6 IFN-y KO mice
does not exclude a protective role for IFN-v in IL-4/IL-10 KO
mice, all the more since elevated IFN-y levels were observed in
these mice. Therefore, we administered neutralizing anti-
IFN-y monoclonal antibody at weekly intervals from day 20 to
41, i.e., at time points when maturation of worms and embry-
ogenesis take place. While the injections did reverse rectal
prolapse development, thus demonstrating in vivo efficacy,
they did not influence L. sigmodontis infection. Although we
cannot fully exclude the possibility that the antibody might
have reached the colonic tissue and prevented rectal prolapse
but would not affect the local inflammatory environment that
controls the worms, our data rather argue against IFN-y being
the major factor of resistance in IL-4/IL-10 KO mice.

Surprisingly, the ratio of IFN-y induction by mitogen or
specific antigen over medium in splenic cell cultures was rather
low (Fig. 4). This correlated with high baseline secretion by
cells from IL-10 and IL-4/IL-10 KO strains. This may be due to
the existence of T cells, which are already stimulated in vivo by
the L. sigmodontis infection, or may reflect the fact the sources
other than T cells contribute to IFN-y production in these
mice.

IL-13 is yet another cytokine that could be responsible for
the reversion of susceptibility in IL-4/IL-10 compared to IL-4
KO mice. Therefore, the levels of this cytokine in the sera and
thoracic cavity fluids of the mice were determined (Fig. 7), but
no significant differences were found. This result, however, still
does not fully exclude a biological role for IL-13, because its
functional efficiency is controlled by expression of an IL-13
decoy receptor (sIL-13Ra2-Fc). Since IFN-y was found (via
IL-12) to downregulate decoy receptor expression and thus to
increase the functional effect of IL-13 (7), it is possible that
elevated IFN-y levels in IL-4/IL-10 KO mice might have led to
increased function of IL-13. An elegant way to prove such a
compensatory effect of IL-13 would have been the treatment
with recombinant IL-13 decoy receptor (formerly from Wyeth,
Cambridge, Mass.), which unfortunately is no longer available.

Deficiency of IL-4 drastically increases susceptibility to filar-
iasis, and in particular to L. sigmodontis infection, in mice of
both susceptible BALB/c and resistant C57BL/6 backgrounds.
Microfilaremia is enhanced throughout (22, 36, 37), while in
IL-4 KO mice on a C57BL/6 background the life span of adult
worms also appears to be prolonged (22). The precise mech-
anism of IL-4 action, however, remains unclear. Antibodies do
not play a major role, given that pMT KO mice, which have no
functional B cells, do not display an altered course of parasite
infection (26, 37). A direct effect of IL-4 on worm embryogen-
esis could be excluded in our earlier work, given that IL-4Ra
KO mice displayed grossly the same phenotype as IL-4 KO
mice (36). The finding of elevated levels of IL-10 in sera of
IL-4 KO mice in the present study may indicate that IL-10
promotes patency in these mice. This would be in line with our
finding of patency reversal by additional deficiency of IL-10 as
well as with an earlier study of L. sigmodontis infection in
which IL-10 was found to be necessary for microfilariaremia
persistence upon transfer of adult fertile female filariae (17).

Evidence for antagonistic effects of IL-4 and IL-10 can also
be found in human filarial infection. In onchocerciasis, patients
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with generalized disease and high microfilarial skin loads have
peripheral blood mononuclear cells (PBMC) that show low
proliferation to onchocercal antigen but produce large
amounts of IL-10. This is in contrast to the hyperreactive
Sowda form of onchocerciasis, in which microfilariae are ef-
fectively reduced by Th2-mediated mechanisms and in which
PBMC proliferate vigorously and produce highly elevated IL-5
but only little IL-10 upon antigen-specific stimulation (4, 9, 12).
In another large survey, IL-5 production in whole blood of
patients was inversely related to MF skin loads (5). At least
part of the IL-10 response is driven by regulatory T cells (Tr-1
cells), which could be cloned from PBMC as well as from
onchocercomas. These Tr-1 cells were shown to inhibit Thl
and Th2 clones in vitro (31). In PBMC from patients with
lymphatic filariasis, high MF loads also were positively associ-
ated with IL-10 and correlated negatively with IL-5 (18, 23,
30). While a direct interventional study with humans to prove
these associations is ethically not possible, our results using the
well defined murine filariasis model of L. sigmodontis infection
provide the first causal evidence to date for an antagonism
between IL-4 and IL-10 in filariasis control. There are several
potential pathways of IL-10 downregulation of parasite control
mechanisms. While direct action of IL-10 on worm fertility can
in principle not be excluded, there exist several other proven
avenues of IL-10 downregulating the effector function of ef-
fector cells such as macrophages, eosinophils, and/or neutro-
phils (34, 38, 39, 42).

Increasing evidence for an antagonism between IL-4 and
IL-10 comes from the field of allergy. Thus, transfer of Tr-1
cells inhibited antigen-specific serum IgE responses in OVA-
immunized mice (8). In humans, antigen-specific desensitiza-
tion was associated with an increase of antigen-specific pro-
duction of IL-10, suggesting that antigen-specific IL-10
induction is key to a novel concept of treatment of allergy and
asthma.

Given that protective immune mechanisms against hel-
minths and allergic responses have a common evolutionary
basis, it seems logical that the antagonistic downregulatory
mechanisms also are similar. Thus, the genetic predisposition
to allergy can be interpreted as an evolutionary advantage in
the defense against helminths. Rather, the same genetic vari-
ants that are associated with atopy (11) are also linked to
hyperreactivity against onchocerciasis, which is harmful to the
host (14). The elucidation of antagonistic effects between IL-4
and IL-10 therefore improves our understanding of both hel-
minth infection and allergy. Inasmuch as IL-10 induction may
prevent allergy, neutralization of IL-10 may improve vaccina-
tion against helminths, as has been shown for schistosomiasis
(16). The present study has given the first causal evidence of an
antagonism of IL-4 and IL-10 in regard to parasite loads in a
helminth infection.
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