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An interleukin-4 (IL-4)-dependent Th2 response allows wild-type mice to survive infection with the parasite
Schistosoma mansoni. In the absence of IL-4, infected mice mount a Thl-like proinflammatory response,
develop severe disease, and succumb. Neither the Thl response nor morbidity is IL-12 dependent in this

system.

The immune response to Schistosoma mansoni infection is
characterized by elevated production of type 2 cytokines, in-
cluding interleukin-4 (IL-4), IL-5, IL-10, and IL-13 (4, 9, 15).
In the absence of IL-4, spleen cells from schistosome-infected
mice produce lower levels of type 2 cytokines (IL-5, IL-10, and
IL-13) and higher levels of inflammatory mediators, including
gamma interferon (IFN-v), tumor necrosis factor alpha (TNF-
a), and nitric oxide (NO) (2, 5, 9, 15). Concurrent with this
altered immune response, infected IL-4 '~ mice, unlike wild-
type (WT) animals, develop severe disease and die (2). The
dramatic weight loss that precedes death in this model suggests
a role for inflammatory mediators, such as TNF-a and associ-
ated molecules (IFN-y and NO), in the disease (3, 6, 11, 20).
Supporting this view that severe disease is immunologically
mediated, treatment with anti-TNF monoclonal antibody,
IL-4, anti-CD4 monoclonal antibody, or the peroxynitrite scav-
enger uric acid was found to delay mortality (2; A. C. La
Flamme et al., submitted for publication). Of the inflammatory
mediators examined that could be responsible for the exacer-
bated disease in infected IL-4~/~ mice, it is NO and its down-
stream product, peroxynitrite, that are most tightly correlated
with disease severity (2; La Flamme et al., submitted).

The production of NO by cells such as macrophages and
endothelial cells is promoted by IFN-y. Since in many in-
stances IL-12 is essential for IFN-y production, we analyzed
the role of IL-12 in the development of severe schistosomiasis
that occurs in the absence of IL-4, reasoning that in the ab-
sence of IL-12, IFN-y and thus NO and peroxynitrite produc-
tion would be minimized. We hypothesized that this would
result in an alleviation of the disease and prolonged survival.

For these studies, we utilized C57BL/6 IL-4/IL-12p35~/~
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mice generated by Manfred Kopf by interbreeding IL-4~'~ B6
mice (10) with IL-12p35~/~ B6 mice (12) to produce homozy-
gous double knockouts. These mice and the IL-4~/~ and IL-
127/~ mice were bred at Cornell University. C57Bl/6 (WT)
mice were purchased from Taconic Farms, Germantown, N.Y.
Mice were infected percutaneously with approximately 70 S.
mansoni cercariae (NMRI strain). From day 35 of infection,
mice were weighed using a spring balance (Forestry Suppliers,
Jackson, Miss.), and once one or more of the infected IL-4~/~
mice had lost ~20% of their body weight the experiment was
terminated (2). Differences in weight changes in the infected
mice were assessed using nonparametric statistical analysis by
the Wilcoxon signed rank test. We found that the infected
IL-4/IL-12"/~ mice developed a severe disease that was clini-
cally indistinguishable from that seen in infected IL-4 ™/~ mice;
this was defined by marked cachexia followed by death (Fig. 1A
and B). Disease development in schistosome-infected IL-
127/~ mice mirrored that in WT mice (Fig. 1).

Since disease severity is related to infection intensity, we
examined whether the morbidity observed in infected IL-4/IL-
127/~ mice was due to the survival of a greater percentage of
the infectious inoculum in these mice than in IL-4~/~ or WT
mice. Mice were infected with equal numbers of cercariae, and
worms and eggs were recovered and quantitated as previously
described (2, 19). Analysis of variance (ANOVA) was used to
evaluate differences in worm and egg burdens. We found no
significant differences in either worm burden (ANOVA, P =
0.67) or hepatic egg load (ANOVA, P = 0.83) among the
different groups (Table 1) and therefore conclude that the
severe morbidity observed in mice lacking IL-4 or IL-4 and
IL-12 was not due to increased susceptibility to S. mansoni
infection per se.

During infection, liver-trapped parasite eggs elicit granulo-
matous lesions. The size of these granulomas, which alter nor-
mal tissue architecture, become fibrotic, and eventually lead to
organ malfunctions, has been correlated with disease severity.
To determine whether the morbidity observed in infected 1L4/
127/~ mice was due to differences in granuloma size, we com-
pared the diameters of the lesions around trapped eggs in the
different groups. Frontal liver lobes were processed for histo-
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FIG. 1. Morbidity and mortality in infected WT, IL-4~/~, IL-127/~, and IL-4/IL-12"/" mice. (A) Time course of cumulative weight changes in
infected animals following percutaneous exposure to ~70 cercariae. Changes in body weight are expressed as means = standard errors of the
means. There were five mice per group. Cumulative weight changes in IL-4/~ and IL-4/IL-12"/~ mice were significantly different from those in
WT and IL-127/" mice (%, P < 0.05). Results are representative of two separate experiments. (B) Mortality over time in infected animals following
percutaneous exposure to ~90 cercariae. There were five mice per group. Mortality was significantly higher in IL-4 '~ and IL-4/IL-12"/~ mice than

in WT and IL-127/" mice (x, P < 0.05).

logical examination of lesions, and granulomas were imaged
under a Nikon Optiphot microscope and captured with a Sony
3CCD color video camera (Sony, Teaneck, N.J.). Granuloma
size was measured using NIH/SCION IMAGE (Scion, Fred-
erick, Md.) (data not shown) and an ocular micrometer (Table
1); remaining hepatic tissue was used to assess egg burden. No
significant differences in granuloma diameter were recorded
(ANOVA, P = 0.76) (Table 1).

Infected IL-4~/~ mice mount an antigen (Ag)-specific im-
mune response deficient in type 2 cytokines and biased towards
type 1 cytokine production (2, 5, 9, 15). To determine whether
IL-12 contributes to the development of the type 1 response in
infected IL-4~'~ mice, Ag-specific immune responses were
measured in infected IL-4/IL-127/~ animals. Single-cell sus-
pensions of splenocytes were prepared as previously described
(2). Cells used for cytokine assays were incubated either alone,
with 50 pg of soluble egg antigen (SEA) per ml (1), or with

TABLE 1. §. mansoni parasite burden and pathology in mice”

Mouse Mean no. of Mean no. of Mean granuloma
worm pairs/mouse eggs/liver diam? (m)
genotype + SEM + SEM + SEM
WT 1112 17,797 £ 2,696 216 £ 15.7
L4/~ 12+19 22,160 = 3,954 220 = 12.0
IL-127/ 14 = 1.8 19,604 £ 2,590 198 = 8.2
1L4/127/~ 12+ 1.6 19,178 £ 3,076 211 = 21.0

“ Mice were infected with approximately 70 cercariae each, and there were five
animals per group.

> Measurements were obtained by using an ocular micrometer to determine
the diameter of the granulomatous lesion around a single egg containing a
mature embryo. Twenty granulomas were measured per liver.

50 pg of SEA per ml plus 5 g of lipopolysaccharide (LPS)
per ml (2) (Sigma) in 96-well flat-bottom plates (Falcon, Lin-
coln Park, N.J.) at 37°C and 5% CO.,. Cell culture supernatants
were collected at 72 h and stored at —20°C until cytokine
analysis was performed. Reagents for enzyme-linked immu-
nosorbent assays were either prepared as previously described
(IL-4 and IL-5) (21) or purchased from Pharmingen, San Di-
ego, Calif. (IFN-y and IL-10) or Genzyme, Boston, Mass.
(TNF-o). Differences in cytokine and NO levels between
groups were evaluated, using Student’s ¢ test. Levels of cyto-
kine production by WT and IL-127/~ mice were similar, with
the exception that infected IL-127/~ mice produced signifi-
cantly higher levels of IL-10 than did WT mice (Fig. 2). The
levels of cytokines produced by splenocytes from infected IL-
4/IL-127/~ mice were, in type and quantity, comparable to
those produced by infected IL-4~/~ animals (Fig. 2). Specifi-
cally, there was a significant decrease in type 2 cytokine (IL-5
and IL-10) levels and an increase in IFN-y and TNF-a levels in
response to Ag or Ag and LPS in all IL-4-deficient mice (Fig.
2 and 3). The finding that IFN-y levels were higher in the
IL-4/IL-127/~ culture supernatants than in the IL-4~/~ sam-
ples was not consistently observed in all experiments. Nitrite
levels measured using the Griess reaction (7) indicated that
NO levels were higher in the culture supernatants of Ag-stim-
ulated splenocytes from infected IL-4 '~ and IL-4/IL-12"/~
mice than from WT and IL-127/~ samples (Fig. 4).

Based on these data, we conclude that the enhanced pro-
duction of the inflammatory mediators IFN-y, TNF-a, and NO
and the development of severe disease in schistosome-infected
IL-4~'~ mice are IL-12 independent. Indeed, the absence of
IL-12 had no discernable effect on immune response or infec-
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FIG. 2. Cytokine production by spleen cells from infected mice. Spleen cells from WT, IL-4~/~, IL-127/~, and IL-4/IL-12~/~ mice, exposed to
~70 cercariae 47 days earlier, were assayed individually. Spleen cells were stimulated in vitro with SEA, and levels of IL-4, IL-5, IL-10, and IFN-y
were measured in culture supernatants by enzyme-linked immunosorbent assay. *, significant differences (P < 0.05) between cytokine production
in IL-4~/~ and IL-4/IL-127/~ mice and cytokine production in WT and IL-127/" mice. **, significant increase (P < 0.05) in IL-10 production by
IL-127/~ mice than by WT mice. ND, not detected. There were five animals per group. Data are means * standard errors of the means and are

representative of three separate experiments.

tion outcome. In the absence of IL-4, a Thl-like response
developed in an IL-12-independent manner, and in the ab-
sence of IL-12 alone, the Th2 response was indistinguishable
from that in WT mice. The IL-12-independent development of
IFN-y-producing immune responses is uncommon but not un-
precedented (8, 13, 18). Although the IL-12p40 homodimer
may, in some circumstances, act as an IL-12 agonist to stimu-
late IFN-y production (17), splenocytes from IL-12p40~/~
mice produced levels of IFN-y comparable to those of WT and
IL-12p35~/~ mice after anti-CD3 stimulation (data not
shown), indicating that in this setting, IL-12p40 did not act to
promote IFN-y production. Because disruption of the IL-
12p35 gene did not alter IFN-y production, it was not possible
for us to directly address the role of IFN-y in the development
of severe disease that occurs in the absence of IL-4. This issue
will be addressed in the future, using IL-4/IFN-y ™'~ animals.

Due to the low number of IFN-vy-producing cells in Ag-
stimulated cultures, we have not yet been able to definitively
identify the cellular source of Ag-stimulated IFN-y in mice
lacking IL-4, although schistosome-specific CD8 (14, 16) and
CD4 (9) cells have been implicated in IFN-y production during
infection. Further studies will be necessary to definitively iden-
tify the cellular population which produces IFN-vy following
Ag-specific stimulation.

In this study, we have shown that the lack of IL-12 altered

neither the course of schistosomiasis nor the accompanying
immune response in WT mice. IL-12 was not necessary for the
development of the proinflammatory condition seen in schis-
tosome-infected IL-4-deficient mice.
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FIG. 3. TNF-a production by spleen cells from infected WT, IL-
47/~ IL-127/7, and IL-4/IL-127/~ mice. Mice had been infected with
~70 cercariae 47 days earlier, and spleen cells were stimulated in vitro
with SEA and LPS. IL-4~/~ and IL-4/IL-12"/~ mice produced signif-
icantly more (#, P < 0.05) TNF-a than did WT and IL-127/" mice.
There were five mice per group. Data are means * standard errors of
the means and are representative of two separate experiments.
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FIG. 4. NO production by spleen cells from infected WT, IL-4~/~,
IL-127/7, and IL-4/IL-127/~ mice. In vitro nitrite levels in superna-
tants of spleen cell cultures from mice exposed to ~70 cercariae 47
days earlier were measured following stimulation with SEA. 1L-4~/~
and IL-4/IL-127/~ mice had significantly higher (*, P < 0.05) NO levels
than did WT and IL-127/~ mice. There were five mice per group. Data
are means * standard errors of the means and are representative of
three separate experiments.
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