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Summary
C57BL/6 mice infected with Schistosoma mansoni naturally develop mild CD4+ T cell-mediated
immunopathology characterized by small hepatic granulomas around parasite eggs. However,
immunization with soluble egg antigens in CFA (SEA/CFA) markedly exacerbates the lesions by
inducing a potent proinflammatory environment with high levels of IFN-γand IL-17, which are
signature cytokines of distinct Th1 vs. Th17 cell lineages. To determine the relative role of these
subsets in disease exacerbation, we examined mice deficient in T-bet (T-bet-/-), which is required
for Th1 cell differentiation and IFN-γ production. We now report that SEA/CFA immunization
caused a significant enhancement of egg-induced hepatic immunopathology in T-bet-/- mice
compared to BL/6 WT controls, and analysis of their granulomas disclosed a higher proportion of
activated DC and CD4+ T cells, as well as a marked influx of neutrophils. The absence of IFN-γ in
the T-bet-/- mice correlated with a marked increase in IL-23p19, IL-17 and TNF-α in granulomas
and MLN. In contrast, T-bet-/- mice had lower levels of IL-4, IL-5 and IL-10 and a reduction in
FIZZ1 and Foxp3 expression, suggesting diminished regulatory activity, respectively, by
alternatively activated macrophages and regulatory T cells. These findings demonstrate that T-bet-
dependent signaling negatively regulates Th17 cell-mediated immunopathology in severe
schistosomiasis.
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Introduction
Infection with the helminth Schistosoma mansoni causes a major tropical infectious disease
in which the main pathology is a granulomatous and fibrosing inflammation against parasite
eggs lodged in the liver and intestines. The resulting tissue injury is mediated and
orchestrated by CD4+ T cells specific for egg Ags and thus is immune in nature; however, it
varies greatly in intensity among individuals and also mouse strains in an experimental
model [1,2]. Extensive work to understand the role of CD4+ T cell subsets and related
cytokines in the initiation and regulation of the immunopathology precipitated by the
schistosome eggs demonstrated that in the BL/6 stain an early proinflammatory Th1-type
response gives way to a Th2-dominated environment, and that the failure of this transition
results in an exacerbation of hepatic pathology and death [3-6]. However, this view was
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complicated by more recent observations indicating that a novel immunopathogenic
pathway leading to the differentiation of proinflammatory CD4+ Th17 cells plays a major
role in the development of the severe egg-induced lesions [7,8]. Evidence for this are the
high levels of IL-17 observed in the naturally high pathology CBA strain, as well as in a
model of disease exacerbation induced in (normally low pathology) C57BL/6 mice by
immunization with schistosome soluble egg Ag (SEA) in CFA (SEA/CFA) [6,7].

IL-17-producing (Th17) cells are now recognized as a separate lineage of CD4+ T cells
[9,10] that are critically involved in the immunopathology associated with an increasing
number of autoimmune [11-15] and infectious diseases [8,16-19], that were previously
thought to be mediated by Th1 cells, largely through the action of their signature cytokine
IFN-γ. Th17 cells were first described to be dependent on IL-23 [20], an accessory cell-
derived heterodimeric cytokine related to IL-12, with which it shares the subunit IL-12p40
that combines with the specific subunit IL-23p19, instead of the IL-12p35 subunit used by
IL-12 [21,22]. Subsequently, however, Th17 cells were shown to be induced by IL-6 and
transforming growth factor (TGF)-β [17,23,24], with IL-23 serving to promote their
expansion and ensure their survival. A key role of IL-23-mediated Th17 cells in severe
schistosomiasis became apparent following the observation that pathology exacerbation
together with high IL-17 levels in SEA/CFA-immunized BL/6 mice failed to materialize in
IL-12p40-/- (incapable of making either IL-12 or IL-23) or IL-23p19-/- mice (incapable of
making IL-23 only), but were not different from wild type (WT) controls in IL-12p35-/-
mice (which cannot make IL-12, but do make IL-23) [7,8].

The discovery of this second proinflammatory pathway prompted the investigation of the
relative pathogenicity and possible cross control of Th1 vs. Th17 cells. One of the strategies
utilized to address this issue focused on the T-box transcription factor T-bet, which is
required for CD4+ Th1 cell differentiation, IFN-γ production, and overall Th1-type
immunity development [25,26]. Initial reports suggested that T-bet signaling can have
opposite effects on inflammatory conditions dependent on CD4+ Th17 cells. For example,
T-bet-/- mice display a marked enhancement of autoimmune myocarditis [27], whereas, in
contrast, experimental autoimmune encephalomyelitis (EAE), completely fails to materialize
in the absence of T-bet [28,29]. In view of these contrasting findings, we investigated the
schistosome infection in T-bet-/- mice, under conditions where the hepatic egg-induced
lesions were enhanced by immunization with SEA/CFA. We now show that T-bet-/- mice
displayed markedly exacerbated hepatic immunopathology when compared to similarly
treated WT BL/6 mice. Despite the absence of IFN-γ, granulomas from the T-bet-/- mice
revealed a higher content of activated DC and IL-17-producing CD4+ T cells together with a
marked increase in Gr-1+ neutrophils.

Results
Schistosome-infected T-bet-/- mice develop a more severe, neutrophil-rich, egg-induced
liver inflammation in response to SEA/CFA immunization than BL/6 mice

We have previously shown that immunization with SEA/CFA in BL/6 mice causes a
significant exacerbation of hepatic egg-induced immunopathology and death after
schistosome infection [6-8]. We now investigated the role of the Th1-specific transcription
factor T-bet in the development of the severe pathology. SEA/CFA-immunized, 7 week-
schistosome infected T-bet-/- mice displayed a marked exacerbation in hepatic perioval
granulomatous inflammation in comparison with similarly treated BL/6 mice (figure 1A). In
the T-bet-/- mice the lesions contained a considerably higher proportion of granulocytes,
which together with mononuclear cells (lymphocytes, DC and macrophages) extensively
infiltrated the surrounding hepatic parenchyma. Phenotypic analysis of the granuloma cells
(GC) by flow cytometry confirmed that SEA/CFA immunization induced a significantly
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greater infiltration of Gr-1+ cells in T-bet-/- (60.01%) than in BL/6 mice (38.52%) in
comparison with similar low levels of 8.20% and 6.47% in the corresponding unimmunized
controls (Figure 1B). The higher number of Gr-1+ cells recruited to the lesions of the SEA/
CFA-immunized T-bet-/- and BL/6 mice were mostly neutrophils, as they did not express
CCR3, the receptor for the chemokine CCL11 (eotaxin) typically present on eosinophils
[30,31]. Eosinophils, however, were the dominant CCR3+ granulocytes in the granulomas of
the unimmunized control groups (Figure 1C).

These findings demonstrate that the T-bet-/- mice displayed a markedly higher inflammatory
reaction in response to immunization with SEA/CFA than the BL/6 mice, although in both
groups the lesions were significantly larger than in the corresponding unimmunized controls
(Figures 1A). Since the possibility existed that the differing degrees of inflammation could
be due to a dissimilar number of embolized eggs, we counted the number of eggs per tissue
area on liver sections and found no significant differences among all the groups (Figure 1D).
Therefore, the contrasting immunopathologies truly reflected differences in the intensity of
inflammation.

DC and CD4+ T cells from hepatic granulomas display greater activation in SEA/CFA-
immunized T-bet-/- than BL/6 mice

Because the outcome of egg-induced immunopathology critically depends on the nature of
the underlying Ag-specific CD4+ T cells, we first examined the phenotype of DC and T cells
of T-bet-/- and BL/6 mice. DC are the APC most directly linked to activating and polarizing
naïve T cells to mediate diverse adaptive immune responses [32]. Flow cytometryic analysis
of liver GC demonstrated that SEA/CFA immunization caused a markedly greater activation
of CD11c+ DC in T-bet-/- than in BL/6 mice, as judged by the two-fold higher expression of
the costimulatory molecules CD40 and CD80, and the four-fold higher expression of CD86
(Figures 2A-C). There were no significant differences in the induction of MHC class II
molecule expression between the two SEA/CFA-immunized groups (Figure 2D).
Interestingly, T cell activation measured by CD69 expression was greater in T-bet-/- than
BL/6 mice, both SEA/CFA-immunized or unimmunized. Moreover, although there were
proportionally more CD4+ T cells in MLN than in the granulomas; those co-expressing
CD69 were higher in the granulomas (Figure 3A, B). Taken together, these findings
demonstrate that in schistosome-infected T-bet-/- mice SEA/CFA immunization results in
greater activation of both DC and CD4+ T cells than in the WT BL/6 controls.

In SEA/CFA-immunized T-bet-/- mice there is an increase in IL-23p19, but not in IL-6 or
TGF-β

We further investigated how exacerbation of pathology and increase in immunocyte
activation in the absence of T-bet affected APC and T cell function, in particular the Th17
subset. IL-6 and TFG-β have been proposed to represent key innate cytokines required for
the induction of Th17 cells, with IL-23 acting to sustain and expand the phenotype
[20,23,24,33]. Our previous work indicated that exacerbation of hepatic egg-induced
immunopathology in SEA/CFA-immunized BL/6 mice correlated with a high IL-17
response, and that IL-17 expression in the lesional environment was dependent on IL-23
[7,8].

SEA/CFA immunization increased IL-23p19, IL-12p40 and IL-12p35 mRNA expression in
livers (Figure 4A) and MLN (Figure 4B) of both BL/6 and T-bet-/- mice.The increase of
IL-23p19 was more pronounced both in livers and MLN of T-bet-/- mice, IL-12p40 did not
differ between the groups, and IL-12p35 was higher in livers but lower in MLN of T-bet-/-
vs. BL/6 mice. On the other hand, SEA-induced IL-6 or TGF-β production by GC (Figure
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4C) and MLNC (Figure 4D) was not significantly different between SEA/CFA-immunized
BL/6 and T-bet-/- mice.

In SEA/CFA-immunized T-bet-/- mice, the absence of IFN-γ correlates with a marked
increase in IL-17 and TNF-α, and a decrease in IL-4, IL-5 and IL-10

The described findings suggested that the egg-induced pathology exacerbation following
SEA/CFA immunization correlated with an increase in IL-23, and that this was significantly
higher in the T-bet-/- mice. We next investigated how the increase in IL-23 correlated with
CD4+ T cell function in the absence of T-bet signaling. There was a considerably greater
increase in IL-17 and in the neutrophil chemoattractants CXCL1 and CXCL2 mRNA levels
in the livers of SEA/CFA-immunized T-bet-/- than in BL/6 mice (Figure 5A). Moreover,
SEA-stimulated GC from SEA/CFA-immunized T-bet-/- mice produced significantly more
IL-17 and TNF-α than those from BL/6 mice. As expected, IFN-γ was absent in T-bet-/-
mice, thus confirming the need for T-bet in Th1 cell differentiation and IFN-γ production
[25, 26], while SEA/CFA immunization stimulated robust IFN-γ production in the BL/6
mice (Figure 5B). In contrast, SEA/CFA immunization caused a marked decrease in liver
IL-4, IL-5 and IL-10 mRNA expression (Figure 5C), although, interestingly, these cytokines
were also lower in the unimmunized T-bet-/- mice than in the corresponding BL/6 group.

Cytokine expression in MLN tissue and SEA-induced cytokine production by MLNC
generally paralleled those observed in the liver. Thus, mRNA levels for IL-17, as well as
those for the Th17-related cytokine IL-22 [34] were significantly higher in the MLN from
SEA/CFA-immunized T-bet-/- than BL/6 mice (Figure 6A). SEA-induced IL-17, TNF-α and
IL-21 production was also significantly increased, and IFN-γ was virtually absent in the
SEA/CFA-immunized T-bet-/- mice (Figure 6B). mRNA expression for IL-4, IL-5 and
IL-10 (Figure 6C) was reduced after SEA/CFA immunization but only IL-4 and IL-5 levels
were significantly different between T-bet-/- and BL/6 mice. Lastly, in a separate set of
experiments using SEA-stimulated purified CD4+ T cells from MLN of infected mice plus
normal syngeneic APC, we documented that IL-17 in both SEA/CFA-immunized mouse
groups, and IFN-γ, in the case of SEA/CFA-immunized BL/6 WT, were indeed a product of
the sensitized T cells (Figure 6D).

Exacerbated egg-induced immunopathology in SEA/CFA-immunized T-bet-/- mice
correlates with a reduction in FIZZ1 and Foxp3 expression, and in CD8+ T cells

The significant increase in immunopathology and proinflammatory cytokine production in
the SEA/CFA-immunized T-bet-/- mice suggested a possible break-down of
immunoregulatory mechanisms. Th2 type responses have been shown to be critical for the
development of the anti-inflammatory alternatively activated macrophages (AAM) [35,36],
and IL-10 has been associated with T regulatory cell (T reg) function [37]. Both of these
cells have been postulated to control excessive inflammation against schistosome eggs
[36,38-40]. We investigated the differential expression of the secretory protein FIZZ1
(found in inflammatory zone 1), as a marker of AAM [35,41-43], as well as the forkhead
box P3 (Foxp3) transcription factor, which is a marker of T reg [37]. SEA/CFA
immunization per se caused a significant drop in FIZZ1 and Foxp3 expression in liver and
MLN (figure 7A, B). However, this decrease was more pronounced in T-bet-/- than in BL/6
mice, except for liver expression of FIZZ1, which was exceedingly low in both groups. We
lastly examined CD8+ T cells, which also have been implicated in the down-regulation of
the schistosome egg-induced immunopathology [44]. T bet-/- mice indeed had a lower
percentage of CD8+ T cells in both the liver granulomas (Figure 7C) as well as the MLN
(Figure 7D); this trend was further exacerbated upon immunization with SEA/CFA. Overall,
these observations demonstrate that the absence of T-bet leads to a break-down of multiple
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possible regulatory mechanisms, resulting in an increase of immunocyte activation and Th17
cell-driven inflammation.

Discussion
Our previous work has demonstrated that severe immunopathology in schistosomiasis, either
naturally-occurring in CBA mice, or induced by immunization of BL/6 mice with SEA/
CFA, is associated with a proinflammatory environment characterized by high levels of
IFN-γ and IL-17 [7] indicative of the presence of Th1 and Th17 cell responses. In order to
dissect the relative contribution of Th1 vs. Th17 cells to the development of severe
pathology, we used T-bet-/- mice which are defective in Th1 immunity [25,26]. Because T-
bet-/- mice are on a low pathology BL/6 (H-2b) background, some mice were also
immunized with SEA/CFA to examine the role of T-bet in a high pathology setting.

The most salient result of our study was the significantly exacerbated liver pathology in the
SEA/CFA-immunized T-bet-/- mice, with perioval and adjacent parenchymal inflammatory
lesions infiltrated by large numbers of Gr-1+ neutrophils. The exacerbated
immunopathology clearly reflected a more vigorous host immune response as there were no
significant differences in egg counts between the livers of T-bet-/- and BL/6 mice.

To address the basis of the enhanced inflammation resulting from the absence of T-bet, we
examined phenotypic changes and function of DC and CD4+ T cells, which are cells
critically involved in the immunopathological response to schistosome eggs. Our results
demonstrated that in infected T-bet-/- mice, the severe SEA/CFA-induced immunopathology
correlated with a markedly increased expression of CD40, CD80 and CD86 costimulatory
molecules on CD11c+ DC present in hepatic granulomas. Moreover, increased CD69
expression following SEA/CFA immunization denoted enhanced activation in CD4+ T cells.
CD69 expression was proportionately higher in the liver granulomas and MLN from T-bet-/-
than BL/6 mice, an observation that contrasts with the notion that T-bet is required for
optimal T cell activation [45] but agrees with a study on T cell differentiation in T. cruzi
infection [46]. The relative role of APC vs. CD4+ T cells in the induction of severe
pathology remains to be elucidated.

The heightened cell activation in the schistosome-infected mice following SEA/CFA
immunization was accompanied by an increase in IL-23p19, IL-17, IL-21, IL-22, TNF-α and
the leukocyte chemoattractants CXCL1 and CXCL2, however, these cytokines were
significantly higher in T-bet-/- than in BL/6 mice. All these cytokines are associated with the
IL-23/IL-17 axis [47,48] although IL-21 can also be elevated in context with Th2 responses
[49]. IFN-γ was only increased in BL/6 mice as in T-bet-/- mice it was predictably absent
despite the induction of IL-12; however, there were no significant differences in IL-6 and
TGF-β induced by SEA in GC and MLNC between both groups. In contrast, the SEA/CFA
immunization caused a drop in liver and MLN IL-4, IL-5 and IL-10, with levels further
reduced in the T-bet-/- mice. This observation, together with the decreased expression of the
Th2-lineage associated transcription factor GATA-3 (data not shown), confirms that T-bet-/-
mice do not default towards Th2 immunity [25,26]; instead, in this model, they clearly
display a higher net proinflammatory cytokine balance that correlates well with their
exacerbated immunopathology.

The increased immunopathology in T-bet-/- mice correlates well with previous observations
in infected IFN-γ-/- mice inasmuch as SEA/CFA immunization, also resulted in an increase
in egg-induced immunopathology and IL-17 production [7]. In models of experimental
arthritis, IFN-γ-/- mice similarly had exacerbated joint inflammation associated with an
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increase in IL-17 [50-52]. These findings are consistent with the notion that T-bet regulates
excessive Th17-mediated immunopathology via IFN-γ.

A most controversial and intriguing issue, however, is that the absence of T-bet has been
associated with decreased immunopathology in autoimmune arthritis [53] and in EAE [28]
similarly induced by immunization with self-antigen in CFA, as well as in models of type-1
diabetes [54], lupus erythematosus [55] and inflammatory bowel disease [56]. These
findings suggested that T-bet plays a vital role in the development of these inflammatory
autoimmune diseases. Although at the time of these studies the underlying pathogenic T
cells were thought to be of the Th1 or Th2 type, current view would argue that the
previously unknown Th17 cells also had to be increased, as subsequent research clearly
demonstrated their intimate involvement in the pathogenesis of those same autoimmune
conditions [11-15,33,57,58]. It is thus difficult to reconcile how the absence of T-bet can
lead to a reduction in pathology and at the same time to an increase in Th17 cells. One
possibility is that although Th17 cells are indeed generated, they are unable to reach the
target organ, a situation that, because of the blood brain barrier, could be particularly true in
the case of the central nervous system.

More in line with our findings in schistosomiasis, recent studies demonstrated that the loss
of T-bet can result in exacerbation of pathology and increase in IL-17, as is the case in a
model of autoimmune myocarditis induced by immunization with myosin peptides in CFA
[27] and T. cruzi infection [46]. T-bet-/- mice also displayed increased IL-17-mediated
neutrophil recruitment to the airways [59] and a more robust cardiac allograft rejection
[60,61]. The absence of T-bet, and therefore of Th1 immunity and IFN-γ production, has
also been demonstrated to result in increased susceptibility to infection with organisms such
as Mycobacterium tuberculosis [62], Leishmania donovani [63], Staphylococcus aureus [64]
and salmonella [65] often correlating with an exacerbated, albeit less effective,
inflammatory response.

To gain a better understanding of the means by which T-bet controls the exacerbation of
egg-induced hepatic inflammation, we investigated AAM, T reg and CD8+ T cells, which
have all been suggested to represent down-regulatory mechanisms of the immunopathology
in schistosomiasis [38-40,44]. Indeed, the greater net loss of FIZZ1 expression in the T-
bet-/- mice is most consistent with impaired AAM development under conditions of
decreased Th2 immunity [35]. Likewise, the decrease in Foxp3 expression together with a
significant drop in mRNA levels for IL-10 suggest a greater loss of T reg function in the T-
bet-/- mice. IL-10 is an anti-inflammatory cytokine widely associated with T reg [37,66,67]
and with the down-regulation of APC as well as T cell responses that mediate the
immunopathology in schistosomiasis [39,68,69]. Lastly, the proportion of CD8+ T cells was
significantly lower in the livers and MLN of infected, SEA/CFA-immunized or
unimmunized T-bet-/- mice. CD8+ cells have been associated with the down-modulation of
schistosome-egg induced immunopathology [44], and it is of interest that the increased
severity of autoimmune myocarditis in T-bet-/- mice was attributed to the loss of IFN-γ-
production by CD8+ T cells [27]. Thus, in the absence of T-bet, the concurrent reduction of
three regulatory mechanisms explains the pathology exacerbation of the schistosome
infection with the heightened Th17 response likely contributing to their decline. Of note is
that unimmunized T-bet-/- mice seem to be able to control pathology by virtue of higher
levels of IL-10 and AAM despite their increased proportion of activated CD4+ T cells.
However, immunization with SEA/CFA overpowers these regulatory mechanisms resulting
in increased inflammation.

Our observations in experimental schistosomiasis clearly demonstrate that T-bet regulates,
rather than promotes, Th17 cell-mediated egg-induced immunopathology by inducing Th1-
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type immunity and sustaining Th2 as well as immunoregulatory cell networks. However, the
demonstrated regulatory effect of the Th1 response does not preclude the pathogenicity of
this subset in context with other experimental settings; it merely suggests that in
circumstances where two potentially pathogenic subsets could act synergistically, one adopts
a regulatory role. Thus, highly individualized immune cell interactions to various Ag or
pathogens, and played out in specific target tissues, dictate the final outcome of the
immunopathology in each case.

Materials and Methods
Mice, infection and immunization

Age- and sex-matched C57BL/6 T-bet deficient (T-bet-/-) and C57BL/6 (BL/6, WT BL/6)
mice, five to six-week-old, were purchased from The Jackson Laboratory (Bar Harbor, ME).
All mice were maintained in the Animal Facility at Tufts University School of Medicine in
accordance with the Association for Assessment and Accreditation of Laboratory Animal
Care (AAALAC) guidelines. The corresponding protocols were reviewed and approved by
the local Animal Care and Use Committee. Mice were infected by i.p. injection with 80
cercariae of Schistosoma mansoni (Puerto Rico strain), which were shed from infected
Biomphalaria glabrata snails, provided to us by Dr. Fred Lewis, Biomedical Research
Institute (Rockville, MD), through NIH/NIAID contract NO1-AI-55270. Some mice were
immunized by s.c. injection with 50 μg of SEA emulsified in CFA (SEA/CFA), as
previously described [6]. Treatment of BL/6 mice with SEA/CFA causes marked
exacerbation of their egg-induced immunopathology; either SEA or CFA by themselves are
ineffective in enhancing pathology [6]. SEA was prepared as previously described [70].

Cell preparations
Livers and mesenteric lymph nodes (MLN) were removed aseptically from 7-week infected
mice. GC were obtained by homogenization of the livers in a Waring blender, isolation of
granulomas by 1 g sedimentation, extensive washing and enzymatic digestion with 1 mg/ml
of collagenase type H, from Clostridium histolyticum (Sigma Laboratories, St. Louis, MO).
Single cell suspensions from MLN were prepared by teasing the tissues in complete
RPMI-1640 medium (cRPMI) supplemented with 10% fetal calf serum (Aleken Biologicals,
Nash, TX), 4 mM L-glutamine, 80 U/ml penicillin, 80 μg/ml streptomycin, 1 mM sodium
pyruvate, 10 mM HEPES, 1× NEAA (all from Lonza, Allendale, NJ) and 0.1% 2-
mercaptoethanol. Erythrocytes were lysed with Tris ammonium chloride buffer pH: 7.2
(Sigma) for 15 min on ice. Cells were washed and live cells that excluded trypan blue were
counted and resuspended at the desired concentrations in cRPMI. CD4+ T cells were
negatively selected from MLN cells (MLNC) using CD4 MACS columns (Miltenyi Biotec,
Auburn, CA) following the manufacturer’s instructions. The resulting cell preparations were
> 94% CD4+ T cells as determined by flow cytometry.

Cell cultures and cytokine determinations
Bulk cell suspensions (5 × 106 cells/ml) from hepatic granulomas and MLN, or purified
CD4+ T cells from MLN (1 × 106 cells/ml) plus normal irradiated syngeneic splenic APC (4
× 106 cells/ml), were incubated in the presence or absence of 15 μg/ml of SEA. After 48
hours, the culture supernatants were removed, filtered and stored at −36°C until analyzed by
ELISA. For the detection of IL-17, IFN-γ, TNF-α, IL-21 and IL-6 mAb, standard cytokines
and protocols were obtained from R&D Systems, and for the detection of TGF-β, from BD-
Pharmingen (San Jose, CA).
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Flow cytometry analysis
GC and MLNC were washed in PBS containing 1% BSA and 0.1% NaN3 and incubated for
10 min at 4°C in the same buffer containing 0.3 mg/ml of rat-IgG (Sigma) to block non-
specific binding of Ab. Cells were then stained ex vivo for flow cytometry analysis using
PE-conjugated anti-CD8 mAb (clone 53-6.7); allophycocyanin (APC)-conjugated anti-CD4
(clone GK1.5) and FITC-conjugated anti-CD69 (clone H1.2F3); APC-conjugated anti-
CD11c (clone HL3) and FITC-conjugated anti-CD40 (clone HM40-3), FITC-conjugated
anti-CD80 (clone 16-10A1), FITC-conjugated anti-CD86 (clone GL1) or FITC-conjugated
anti-MHC II (clone 2G6); FITC-conjugated anti-Gr-1 (clone RB6-8C5) mAb (all from BD-
Pharmingen) and APC-conjugated anti-CCR3 mAb (clone 83101) (R&D Systems,
Minneapolis, MA) following a protocol described before [71]. Labeled cells were acquired
on a FACSCalibur flow cytometer using the CELLQuest software version 3.2.1 (Becton
Dickinson, Franklin Lakes, NJ). Propidium iodide was added before acquisition to exclude
dead cells. Data were analyzed using the WinList 5.0 software (Verity Software House,
Inc.). Unstained cells and cells stained with irrelevant isotype-matched Ab were included as
controls to assess the amount of non-specific staining. To determine the percentage of CD4+

T cells expressing CD69 and CD8+ T cells, lymphocyte-rich areas, comprising 9-15% of
GC and 75-85% of MLNC were defined and gated based on forward light scatter (FSC) and
side light scatter (SSC) characteristics of the cells (“lymphocyte gate”).

Quantitative mRNA analysis
Total RNA was isolated from individual livers and MLN of 7 week-infected mice, using the
TRIzol method following the manufacturer’s instructions (Invitrogen, Carlsbad, CA). RNA
from each mouse group was pooled and 1-5 μg was subjected to DNAse I treatment (Roche
Molecular Biochemicals, Indianapolis, IN) to eliminate possible genomic DNA
contamination, and then reverse-transcribed using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA). Real-time quantitative RT-PCR on
10 ng of cDNA from each sample was performed by Taqman analysis using an ABI 7300
instrument. GAPDH levels were measured in a separate reaction and used to normalize the
data. All reagents and protocols for Taqman real-time quantitative RT-PCR were obtained
from Applied Biosystems. Using the average mean cycle threshold (Ct) value for GAPDH
and the gene of interest for each sample, the equation 1.8 e (Ct GAPDH - Ct gene of
interest) × 104 was used to obtain normalized values [12].

Liver immunopathology and egg counts
Liver samples from 7-week infected mice were fixed in 10% buffered formalin and
processed for routine histopathologic analysis. Five-μm sections stained with hematoxylin
and eosin were examined by optic microscopy. The extent of granulomatous inflammation
around schistosome eggs was measured by computer-assisted morphometric analysis using
Image-Pro Plus software (Media Cybernetics Inc., Bethesda, MD). The lesions were
assessed on coded slides by an observer unaware of the experimental setting. To reflect
more accurately the true shape and dimension of the granulomas, only those with a visible
central egg were counted. An average of 13 granulomas was scored per liver section.
Granuloma sizes are expressed as means of areas measured in μm2 ± SEM. The schistosome
egg load was assessed by counting the number of eggs present in 1 mm2 fields of liver tissue
sections stained with hematoxylin and eosin. Fifty fields were counted per liver and 7 to 10
livers from two independent experiments were examined per mouse group.

Statistical analysis
ANOVA with post-test analysis was used to determine the statistical significance of the
differences among groups. Results differing with a p< 0.05 were considered significant.
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Figure 1. Hepatic immunopathology in infected BL/6 and T-bet-/- mice
A. Hepatic egg granulomas after 7 weeks of infection, measured by computer assisted
morphometric analysis, are significantly larger in SEA/CFA-immunized T-bet-/- mice than
in BL/6 mice (p< 0.001). Data are from one experiment representative of five with 3 to 5
mice per group. B, C. Gr-1+ and Gr-1+CCR3− cell infiltration in the livers of infected BL/6
and T-bet-/- mice. GC were purified from the livers of infected mice and stained for Gr-1
and CCR3. Gr-1+ cells (B) and Gr-1+CCR3− cells (C) are markedly increased in granulomas
from SEA/CFA-immunized T-bet-/- vs. BL/6 mice. Data shown are from one experiment
representative of four with similar results, using pooled GC from 3 to 5 mice from each
group. D. Liver egg counts. Schistosome eggs were counted on hematoxilyn and eosin-
stained liver sections from 7-week infected mice as described in the Material and methods.
There are no significant differences in the number of eggs present in all four groups.
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Figure 2. Costimulatory and MHC class II molecule expression on CD11c+ DC from granulomas
of infected BL/6 and T-bet-/- mice
A-D. Liver GC were surface-stained ex vivo with anti-CD11c and anti-CD40, anti-CD80,
CD86 or anti-MHC II mAb. A-C. Expression of CD40, CD80 and CD86 is higher on
CD11c+ DC from SEA/CFA-immunized T-bet-/- mice than from BL/6 mice. D. MHC II
expression is reduced on CD11c+ DC from both SEA/CFA-immunized mouse groups.
Percentages shown are from gated CD11c+ cells expressing the indicated marker from one
experiment representative of three with similar results.
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Figure 3. Activation of CD4+ T cells from granulomas and MLN of infected BL/6 and T-bet-/-
mice
Liver GC and MLNC were surface-stained ex vivo with anti-CD4 and anti-CD69 mAb. A.
The percentage of CD4+ T cell-expressing CD69 (upper right quadrant) is higher and the
proportion of CD4+ T cells (upper quadrants) is lower in granulomas from SEA/CFA-
immunized T-bet-/- mice than from BL/6 mice. B. The percentage of CD4+ T cells-
expressing CD69 (upper right quadrant) is higher and the proportion of CD4+ T cells (upper
quadrants) is lower in MLN from SEA/CFA-immunized T-bet-/- mice than from BL/6 mice.
Percentages shown are CD4+ and CD69+ cells within the CD4+ T cell population in the
lymphocyte gate. Results are from one experiment representative of four with similar
results, using pooled GC and MLNC from 3 to 5 mice per group.
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Figure 4. Innate cytokine expression and production in livers and MLN of infected BL/6 and T-
bet-/- mice
Cytokine mRNA expression in livers and MLN was measured by real time RT-PCR and
cytokine production in 48-h supernatants from SEA-stimulated GC and MLNC was
measured by ELISA. A. mRNA levels for IL-23p19, IL-12p40 and IL-12p35 are higher in
the livers from SEA/CFA-immunized mice but only IL-23p19 and IL-12p35 are
significantly higher in T-bet-/- than in BL/6 mice (both p< 0.01). B. mRNA levels for
IL-23p19, IL-12p40 and IL-12p35 are higher in the MLN from SEA/CFA-immunized mice
but do not significantly differ between T-bet-/- and BL/6 mice. SEA-induced IL-6 and TGF-
β production by GC (C) and MLNC (D) does not significantly differ between T-bet-/- and
BL/6 mice. For transcript levels, bars represent the means of triplicate determinations ± SD
from a pool of 3 to 5 mRNA preparations per group. Cytokine levels are expressed as means
of triplicate determinations ± SD; background cytokine levels from unstimulated GC or
MLNC were subtracted (except for TGF-β). Results shown are from one experiment
representative of five.
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Figure 5. Effector cytokine expression and production in livers and GC of infected BL/6 and T-
bet-/- mice
A-C. Cytokine mRNA and production levels were measured as described in materials and
methods. A. mRNA levels for IL-17, CXCL1 and CXCL2 are significantly higher in SEA/
CFA-immunized T-bet-/- than in BL/6 mice (p< 0.001; p< 0.001 and p< 0.01 respectively).
B. IL-17 and TNF-α production by SEA-stimulated GC is significantly higher in SEA/CFA-
immunized T-bet-/- than in BL/6 mice (p< 0.01 and p< 0.001, respectively). C. mRNA
levels for IL-4, IL-5 and IL-10 are lower in SEA/CFA-immunized T-bet-/- than in BL/6
mice but only IL-4 and IL-10 are significantly different (both p< 0.05). For transcript levels,
bars represent the means of triplicate determinations ± SD from 3 to 5 mRNA preparations
per group. Cytokine levels reflect means of triplicate determinations ± SD; minus
backgrounds. Results shown are from one experiment representative of five.
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Figure 6. Effector cytokine expression and production in MLN and MLNC or purified CD4+ T
cells of infected BL/6 and T-bet-/- mice
A-D. Cytokine mRNA and production levels were measured as described in materials and
methods A. mRNA levels for IL-17 and IL-22 are significantly higher in SEA/CFA-
immunized T-bet-/- than in BL/6 mice (both p< 0.001). B. IL-17, TNF-α and IL-21
production by SEA-stimulated MLNC is significantly higher in SEA/CFA-immunized T-
bet-/- than in BL/6 mice (p< 0.01, p< 0.001 and p< 0.001, respectively). C. mRNA levels for
IL-4 and IL-5 are significantly lower in the SEA/CFA-immunized T-bet-/- than in BL/6
mice (p< 0.01 and p< 0.05, respectively). mRNA levels for IL-10 are reduced in SEA/CFA-
immunized mice, but do not significantly differ between T-bet-/- and BL/6 mice. D. SEA-
induced IL-17 and IFN-γ production from purified CD4+ T cells is increased after
immunization with SEA/CFA and IL-17 is significantly higher in SEA/CFA-immunized T-
bet-/- than in BL/6 mice (p< 0.001). For transcript levels, bars represent the means of
triplicate determinations ± SD from a pool of 3 to 5 mRNA preparations per group.
Cytokine levels reflect means of triplicate determinations ± SD; minus backgrounds. Results
shown are from one experiment representative of five.
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Figure 7. FIZZ1, Foxp3 expression and CD8+ T cells in livers and MLN from infected BL/6 and
T-bet-/- mice
A-B. mRNA expression in the livers and MLN was measured by real time RT-PCR as
described in Materials and Methods. A. FIZZ1 mRNA levels are significantly lower in SEA/
CFA-immunized mice, but only in the MLN are significantly different between T-bet-/- and
BL/6 mice (p< 0.001) B. Foxp3 mRNA levels are lower in SEA/CFA-immunized mice but
are significantly lower in the livers and MLN from T-bet-/- than BL/6 mice (p< 0.001 and
p< 0.05, respectively). C-D. Liver GC and MLNC were surface stained ex vivo with anti-
CD8 mAb. The percentage of CD8+ T cells is lower in granulomas and MLNC from SEA/
CFA-immunized T-bet-/- mice than from BL/6 mice. Percentages shown are CD8+ T cells in
the lymphocyte gate. Results are from one experiment representative of two with similar
results, using pooled GC or MLNC from 3 to 5 mice per group.
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