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Abstract

Infection with schistosomes invokes severe fibrotic granulomatous responses in the liver of the host. Schistosoma mansoni
infection induces dramatic fluctuations in Th1 or Th2 cytokine responses systemically; Th1 reactions are provoked in the
early phase, whilst Th2 responses become dominant after oviposition begins. In the liver, various unique immune cells
distinct from those of conventional immune competent organs or tissues exist, resulting in a unique immunological
environment. Recently, we demonstrated that S. mansoni infection induces unique CD4+ T cell populations exhibiting
unconventional cytokine profiles in the liver of mice during the period between Th1- and Th2-phases, which we term the
transition phase. They produce both IFN-c and IL-4 or both IFN-c and IL-13 simultaneously. Moreover, T cells secreting triple
cytokines IFN-c, IL-13 and IL-4 were also induced. We term these cells Multiple Cytokine Producing Hepatic T cells (MCPHT
cells). During the transition phase, when MCPHT cells increase, IL-18 secretion was up-regulated in the liver and sera. In S.
mansoni-infected IL-18-deficient mice, expansion of MCPHT cells was curtailed. Thus our data suggest that IL-18 produced
during S. mansoni infection play a role in the expansion of MCPHT cells.
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Introduction

Th1 and Th2 cells play important roles in the immune response

to many infectious diseases and in autoimmune disorders [1–6].

Th1 and Th2 cells mutually impede their generation, and Th1-

and Th2-related cytokines are not thought to be simultaneously

secreted from single helper T cells [7,8]. However, it was recently

reported that IFN-c-producing Th1 cells inherently possess the

capacity to convert their cytokine productivity [9–12]. Th1 cells

stimulated by IL-18 and antigen acquire the potential to produce

several Th2-related cytokines, including IL-13, but not IL-4, as

well as IFN-c. Th1 cells which gain productivity of Th2 cytokines

are termed ‘‘super Th1 cells’’ [9–11]. Indeed, within the IL-18-

induced super Th1 cells, Gata3 and T-bet, which are the crucial

transcription factors for the induction of Th2 and Th1 cells,

respectively, coexist [9]. Whilst some recent studies demonstrate

that one transcription factor, promyelocytic leukemia zinc finger

(PLZF), which was originally identified as a partner fused with

retinoic acid receptors in acute promyelocytic leukemia [13], is

indispensable for the dual secretion of IFN-c and IL-4 from cd T

cells or NKT cells [14–16]. It has been also reported that

exogenous PLZF leads to the concomitant production of IFN-c
and IL-4 from single T cells upon TCR stimulation [17]. Since

PLZF-transgenic T cells seem to convert their nature from

differentiated mature types into ‘innate’ types [17,18], PLZF might

be involved in the plasticity of committed T cells, such as Th1 and

Th2 cells.

Very recently, we reported that some conventional CD4+ T cells

acquire atypical cytokine production capacities, producing com-

binations of ‘‘IFN-c+IL-13’’ and ‘‘IFN-c+IL-4’’, during Schistosoma

mansoni infection [19]. Furthermore, some of these unique

populations displayed the potential for secreting three cytokines

concomitantly. Interestingly, the T cell populations showing these

unconventional cytokine profiles accumulated in the liver, but not

in the spleen. Here we term these cells ‘‘Multiple Cytokine-

Producing Hepatic T Cells’’ (MCPHT cells).

In the liver, unique and organ-specific immune systems,

composed of specialized cells such as Kupffer cells, NK cells, or

NKT cells, are present, showing an immunological environment

unlike that of any other immune competent organs or tissues [20–

23]. Constitutive exposure of large amounts of both enteric and

systemic blood-borne antigens does not induce intense activation
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of the hepatic immune system, indicating the existence of strict

regulation machineries in the liver. Upon the disruption of these

regulatory machineries by infection with some pathogens such as

the hepatitis B virus, runaway immune reactions are induced in

the liver, resulting in fulminant hepatitis [24,25]. The molecular

mechanisms underlying such phenomena remain to be elucidated.

Schistosome infection begins with direct penetration of the host

skin by the cercariae. Subsequently, the schistosomes invade blood

vessels and reach the hepatic portal vein, where they mature,

mate, and produce eggs. Oviposition in S. mansoni starts 4–6 weeks

after the initial cercarial infection. Approximately 300 eggs a day

are laid by one female fluke, and many of them enter the liver via

the blood. Antigens derived from both the worms and the eggs

accumulate in the liver. Fibrotic granulomatous disorders in the

liver are the most significant and serious etiology of S. mansoni

infection, although chronic inflammatory lesions are sometimes

observed in several other organs [26–29].

In a S. mansoni-infected host, Th1- and Th2-related responses

are evoked during different infectious periods. In the early phase

(3–5 weeks postinfection, PI), Th1-related responses are induced.

As oviposition begins (4.5–6 weeks PI), the Th1 components are

gradually down-regulated, and Th2 reactions become dominant in

the late phase (8 weeks PI,) [27]. Several previous reports indicate

that the immunological balances between Th1 and Th2 responses

in S. mansoni-infected hosts have implications for severity of

pathology [27,28,30–32]. Intriguingly, the MCPHT cells that we

recently reported were found to expand during the period between

Th1- and Th2-dominant phases, which we term the ‘‘transition

phase’’.

Here, we show that IL-18 contributes to the expansion of

MCPHT cells that are induced during S. mansoni infection. Levels

of IL-18 in the liver and sera are elevated during the transition

phase of the infection, when a significant expansion of MCPHT

cells occurs. IL-18-deficient mice displayed severely impaired

expansion of MCPHT cells during S. mansoni infection. Therefore,

our present studies suggest that IL-18 induced during S. mansoni

infection play a role for the expansion of MCPHT cells within the

liver of the host.

Materials and Methods

Mice
Female BALB/c mice (6–10 week-old) were purchased from

SLC (Shizuoka, Japan). IL-18-deficient mice [33] (6–10 week-old)

were kindly provided by Dr. H. Okamura (Hyogo College of

Medicine, Nishinomiya, Japan). All mice were maintained under

specific pathogen-free conditions. The mice were anesthetized as

previously reported [34] with some modification. Briefly, mice

were intraperitoneally injected the combination of medetomidine

hydrochloride (0.3 mg/kg) and midazolam (4 mg/kg), kept

warmed with heating lump, and their consciousness were

monitored. In the experiments with portal perfusion, the mice

were euthanized.

Maintenance of the Parasite Life Cycle and Infection of
Mice with S. mansoni

Maintenance of S. mansoni life cycle was conducted as previously

described [35,36]. Mice were anesthetized and percutaneously

infected with 25 or 250 S. mansoni cercariae as previously described

[37]. Egg burden was observed in the feces and the caudate lobe of

the liver by microscopy, and in most cases, began at 4–5 weeks PI

(data not shown), as previously reported [27]. In some experi-

ments, the number of eggs per gram liver tissue (EPG) was

analyzed.

Intracellular Cytokine Staining (ICS)
In order to monitor cytokine production, ICS technology was

employed [38]. After the loss of consciousness, mice were

sacrificed, and portal perfusion was conducted. Hepatic lympho-

cytes were prepared from mice at indicated weeks after the

infection as previously described [39–41]. In each group,

lymphocytes isolated from 3 or 4 mice were pooled in order to

obtain sufficient cell numbers. These were then stimulated with

plate-coated anti-mouse CD3 (17A2, BioLegend) and anti-CD28

(E18, BioLegend) in the presence of brefeldin A. Cell surface

molecules were stained with PE-Cy7-conjugated anti-CD4

(GK1.5, BioLegend), Allophycocyanin (APC)-conjugated or Alexa

Fluor 647 anti-mouse CD218a (IL-18Ra, BG/IL18RA, BioLe-

gend). In some experiments, iNKT cells were detected with a-

galactosylceramide (aGalCer)/CD1d tetramer (KRN7000, Funa-

koshi and T-Select CD1d Tetramer, MBL). Fixation and

permeabilization of the cells were conducted with 2% formalde-

hyde and 0.5% saponin, respectively. For the detection of

intracellular cytokines, FITC-, PE-, or APC-conjugated, corre-

sponding monoclonal antibodies were used (IL-4; 11B11, IFN-c;

XMG1.2, BioLegend; IL-13; eBio13A, eBioscience). Flowcyto-

metric analysis was conducted with FACSCanto II or FACSVerse

(BD Biosciences), and the data were analyzed with FlowJo software

(Tree Star, Inc.). Culture medium was RPMI-1640 supplemented

with 10% FCS, 100 U/ml penicillin, 100 mg/ml streptomycin,

50 mM of 2-mercaptoethanol and 2 mM L-glutamine.

Flowcytometric Analysis of PLZF
Flowcytometry was used for the analysis of PLZF. In brief, cell

surface markers were stained with fluorochrome-conjugated

monoclonal antibodies as mentioned above. Fixation, permeabi-

lization, and staining of PLZF and cytokines were performed with

FoxP3/Transcription Factor Staining Buffer Set (eBioscience)

according to the manufacturer’s instructions. PE-conjugated

monoclonal antibody (9E12, BioLegend) was used for the

detection of PLZF.

Assay for IL-18
Right lobes of livers excised from mice were homogenized using

a Beads Crusher mT-12 homogenizer (TAITEC) in the presence of

protease inhibitor cocktail (Sigma-Aldrich). Total protein concen-

tration of each homogenate was determined with BCA Protein

Assay Reagent (Thermo Fisher Scientific) according to the

manufacturer’s instructions. The concentrations of IL-18 in each

homogenate or serum sample were measured using a commer-

cially available ELISA kit (MBL), which detects mature and

biologically active form (18 kDa), but not the 21 kDa pro-form, of

IL-18.

Statistics
All data are given as the mean values of more than three

independent experiments. In EPG and IL-18 experiments, the

mean and standard deviation (SD) values were calculated with

mice in each experimental group. Significance between the control

group and treated group was determined with Mann-Whitney U

test. P values less than 0.05 were considered significant.

Ethics Statement
All mouse experiments were conducted according to relevant

national and international guidelines, and were approved by the

Institutional Animal Care and Use Committee at Nagasaki

University, and were conducted under the control of the Law
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(No. 105) and Notification (No. 6) of the Japanese Government

pertaining to the use of experimental animals.

Results

S. mansoni Infection Induces the Elevation of Serum IL-18
levels during the Transition Phase

Recently we reported that S. mansoni infection induced unique

CD4+ T cells exhibiting unconventional cytokine profiles in the

liver of mice during the transition phase (MCPHT cells) [19].

They simultaneously produce Th1- and Th2-cytokines, combina-

tions of ‘‘IFN-c and IL-4’’ (c4 cells) and of ‘‘IFN-c and IL-13’’

(c13 cells) (Fig. 1A). Furthermore, some of the unique populations

acquire the potential for secreting the three cytokines concomi-

tantly (triple positive cells) (Fig. 1B). Meanwhile, it was previously

demonstrated that Th1 cells stimulated with antigen and IL-18

produced several Th2-related cytokines, including IL-13, as well as

IFN-c, and these Th2 cytokine-producing Th1 cells were termed

‘‘super Th1 cells’’ [9–11]. These data prompted us to investigate

the roles of IL-18 in the production of MCPHT cells induced

during S. mansoni infection. First, we analyzed the kinetics of serum

levels of IL-18 after S. mansoni infection. As shown in Figure 1C, the

up-regulation of serum IL-18 levels began after 4 weeks PI. This

suggests that the period of serum IL-18 elevation seemed to be

synchronized with oviposition (Fig. S1) [27] and the induction of

hepatic c4, c13, and triple positive cells.

According to our recent data, accumulation of MCPHT cells

occurs in the liver, but not in the spleen during S. mansoni infection,

indicating that it is a phenomenon specific to the liver [19]. It was

demonstrated that Kupffer cells, which are specialized macro-

phages located in the liver, inherently possess a high potential to

produce IL-18 as compared with other primary macrophage lines

in some experimental mouse models, such as sequential injection

of Propionibacterium acnes and LPS [42,43] and Plasmodium infection

[39]. Moreover, as S. mansoni worms reside and release eggs in the

hepatic portal vein [27,44], pathogenic antigens derived from

worms and eggs accumulate in the liver. For these reasons, we next

analyzed IL-18 production within the liver during S. mansoni

infection. As shown in Figure 2, IL-18 was detected in the

supernatant of liver homogenates isolated from uninfected control

mice. This indicates that IL-18 is constitutively produced within

the liver, and that the IL-18 produced before the infection might

be processed within the liver and/or diluted in the serum to

undetectable levels. The levels of IL-18 in the liver were clearly

augmented at 6 weeks PI (Fig. 2), suggesting that S. mansoni

infection elicited the production of IL-18 within the liver, where

and when T cells acquire the potential to produce uncommon

combinations of cytokines during the infection.

IL-18 Plays a Role in the Expansion of MCPHT Cells during
S. mansoni Infection

To evaluate the importance of IL-18 for the accumulation of

MCPHT cells, we performed experiments with IL-18-deficient

mice (IL-18KO). Consistent with our recent report, MCPHT cells

were significantly accumulated in the liver of wild type (WT) mice

at 6 weeks PI (upper panels of Fig. 3A and B) [19]. Meanwhile,

without the infection, very few MCPHT cells were observed in

WT and IL-18KO mice (Fig. 3C and D). IL-18KO as well as WT

mice displayed some accumulation of c4, c13 and triple positive

cells in the liver, and no statistical difference was observed between

WT and IL-18KO mice at 4 weeks PI, when the increase of

MCPHT cell populations began (Fig. 3C and D). This indicates

that IL-18 did not play an important role in the initial generation

or induction of MCPHT cells. However, in contrast to WT mice

Figure 1. Serum levels of IL-18 are up-regulated during the transition phase of S. mansoni infection. (A, B) Hepatic lymphocytes were
isolated from S. mansoni-infected mice at 6 weeks PI. Cytokine production was analyzed by ICS after TCR stimulation. (C) Sera were obtained at
indicted time points, and serum levels of IL-18 were determined by ELISA. Data represent the mean values+SD of three or four mice in each
experimental time point. ND, not detected. (A, B) Similar results were obtained in three independent experiments.
doi:10.1371/journal.pone.0096042.g001
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(upper panels of Fig. 3A and B), just dull increase and subtle

accumulation of MCPHT cells were observed in the livers of IL-

18KO mice at 6 weeks PI (lower panels of Fig. 3A and B, and

Fig. 3C and D). There were statistical differences in the number

and proportion of c4 and c13 cells at 6 weeks PI between WT and

IL-18KO mice (Fig. 3C). The triple positive cells tended to

increase more in WT mice than in IL-18KO mice at 6 weeks PI

(Fig. 3B and D). These results suggest that IL-18 is involved in the

expansion of MCPHT cell populations. It is noteworthy that the

deficiency of IL-18 did not affect the oviposition (Fig. 3E),

indicating little difference in the amount of egg antigen flowing

into and contained within the liver between WT and IL-18KO

mice.

Taken together, these results demonstrate that the endogenous

IL-18 induced during the transition phase of S. mansoni infection

acted as a factor for the expansion of MCPHT cells.

IL-18 Receptor is Expressed on c4 and c13 Cells Induced
during S. mansoni Infection

We next analyzed whether IL-18 induced during S. mansoni

infection was able to directly act upon MCPHT cells through an

IL-18 receptor (IL-18R). IL-18R belongs to the IL-1R family and

is a heterodimer composed of an IL-18-binding a chain (IL-18Ra,

also known as CD218a) and a signaling b chain (IL-18Rb, initially

designated as accessory protein-like, AcPL) [20,45–47]. IL-18R is

expressed only at low level upon human and mouse resting T cells,

and is upregulated by stimulation with certain cytokines, e.g., IL-

12 [48,49]. In order to investigate the expression levels of IL-18Ra
upon hepatic c4 or c13 cells accumulated during S. mansoni

infection, whose expansions were highly influenced by IL-18

(Fig. 3), flowcytometric analysis was conducted. As demonstrated

in Figure 4, approximately half of the populations of both c4 and

c13 expressed IL-18Ra. There are also notable differences in IL-

18Ra expression levels among the CD4+ T cell populations

induced in the livers of fluke-infected mice (Fig. S2). As previously

reported [45,50], IFN-c-singly positive cells, most of which are

Th1 cells, showed high-level expression, and in contrast, IL-4- or

IL-13-secreting cells, which should be mostly Th2 cells, exhibited

low levels of expression. Interestingly, the expression levels of IL-

18Ra by c4 or c13 cells were intermediate between those of Th1

and Th2 cells (Fig. S2).

Collectively, these results suggest that MCPHT cells expressed

IL-18R and that those populations have a potential to react to IL-

18 induced during S. mansoni infection.

iNKT Cells does not Make a Major Contribution to the
Constitution of MCPHT Cells

We recently demonstrated that some MCPHT cells express

DX5, which is also known as integrin a2 and as a mouse pan-NK

or NKT cell marker [19]. It has been reported that some iNKT

cells have capacity to secrete IFN-c and IL-4 simultaneously

[15,16]. It has been reported that NKT cells are activated in S.

mansoni infection [51–53]. Moreover, it is also shown that iNKT

cells express IL-18R and produce IL-4 in response to IL-18 [54].

As mentioned above, MCPHT cells contain CD4+ T cells

expressing IL-18R. These prompted us to investigate whether

iNKT cells were involved in MCPHT cells induced in the livers of

the infected mice. As shown in Figure 5, small populations of

MCPHT cells were positive for aGalCer/CD1d tetramer

although the expression levels of those TCR found to be down-

regulated in compared to those of iNKT cells sampled form naı̈ve

mice probably due to in vitro and in vivo TCR stimulation.

Moreover, the majority of MCPHT cells did not express PLZF,

which was reported to play an essential roles in the dual secretion

of IFN-c and IL-4 from iNKT cells [15,16] (Fig. S3).

Taken together, these suggest that most of MCPHT cells

induced during the transition phase of S. mansoni infection is

consisted of the cell population other than iNKT cells.

Antigen Quantity is Important in the Accumulation
MCPHT Cells Populations during S. mansoni Infection

As the liver is the primary organ for accumulation of parasitic

antigens following the transition phase of S. mansoni infection

[27,44] and signaling through TCRs is important for the

proliferation of T cells [55,56], we assessed the influence of the

quantities of worm/egg antigens upon the accumulation of c4, c13

or triple positive cells in the livers of S. mansoni-infected mice. Mice

were inoculated with 25 or 250 S. mansoni cercariae, and the levels

of accumulation of c4, c13 or triple positive cells in livers were

compared. As expected, mice infected with 250 cercariae exhibited

larger EPG values than mice infected with 25 cercariae (Fig. S1).

At 6 weeks PI, high proportions and large numbers of the three

unique MCPHT cell populations were observed in the livers of

mice infected with 250 cercariae, compared with those of mice

with 25 cercariae (Figure 6A to D). A more prominent increase in

both proportions and in absolute numbers of c4 and c13 cells was

invoked in the livers of mice infected with 250 cercariae than in

those of mice with 25 cercariae even at 4 weeks PI, when

oviposition is first initiated and only very small numbers of the eggs

are detected in the livers of mice with 25 cercariae (Fig. S1). This

data indicates that larger amounts of schistosoma worm/egg

antigens stimulated greater accumulation of c4, c13 and triple

positive cells in the liver during S. mansoni infection. Mice infected

Figure 2. S. mansoni infection triggers the increase of IL-18
within a liver. The concentrations of IL-18 in the liver of S. mansoni-
infected mice were measured as described in the Materials and
Methods. Data are expressed as mean values+SD of three or four mice in
each experimental time point. *0.02,P,0.05 (Mann-Whitney U test).
Data shown are a representative of three independent experiments.
doi:10.1371/journal.pone.0096042.g002
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Figure 3. IL-18 plays a role in the expansion of MCPHT cells during S. mansoni infection. (A–D) Hepatic lymphocytes were isolated from
wild type (WT) or IL-18-deficient (IL-18KO) mice at indicated time points of S. mansoni infection, and the proportions and absolute numbers of c4, c13
(A and C), or triple positive (B and D) cells were analyzed by ICS upon TCR ligation. (A and B) One example using hepatic lymphocytes prepared at 6
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with 250 cercariae had a greater tendency to show high serum

levels of IL-18 as compared with those infected with 25 cercariae,

although the differences between those experimental groups were

not statistically significant (data not shown).

These results suggest that not only IL-18 induced during the

infection but also worm/egg antigens are important for the

accumulation of MCPHT cells.

Discussion

It is thought that Th1- and Th2-responses are incompatible in

one immunological circumstance, and that single T cells are

ordinarily incapable of producing IFN-c and IL-4, the most typical

Th1- and Th2-related cytokines respectively, simultaneously [7,8].

However, several previous studies have reported the coexistence of

Th1- and Th2-immune conditions in the livers of S. mansoni-

infected hosts, when symptoms are not severe [27,28,30–32].

Moreover, we recently demonstrated that S. mansoni infection

elicited the accumulation of unique CD4+ T cell populations

exhibiting unconventional cytokine profiles in the liver (MCPHT

cells), but not in the spleen, of mice infected during the transition

phase, the period between early Th1- and late Th2-superior

phases. These hepatic T cell populations produced the combina-

tions of cytokines; IFN-c+IL-4 and IFN-c+IL-13. Furthermore,

some of the unique populations simultaneously secreted IFN-c, IL-

4, and IL-13. We explored the previously unresolved molecular

machineries underlying the accumulation of MCPHT cell

populations in the liver during the transition phase of S. mansoni

infection.

The data presented here suggest that IL-18 induced during S.

mansoni infection acts as a factor associated with the expansion of

MCPHT cells. S. mansoni infection stimulated the elevation of IL-

18 levels not only in the sera but also in the liver during the

transition phase, when the expansion of MCPHT cell populations

and oviposition of the trematode begin. IL-18-deficient mice

displayed severely impaired expansion of c4 and c13 cells in the

liver during S. mansoni infection. Furthermore, expression of IL-

18R was observed in approximately half of both c4 and c13 cells.

It is noteworthy that MCPHT cell populations were induced in

IL-18KO mice at four weeks PI (Fig. 3). The subsequent increase

of these MCPHT cells was not induced in the IL-18KO mice, and

this resulted in a considerable reduction in the proportions and the

absolute numbers of c4 and c13 cells in IL-18KO mice compared

to WT control mice at 6 weeks PI (Fig. 3). This suggests that IL-18

is indispensable for the expansion, but not required for the

generation, of c4 and c13 cells in the liver during S. mansoni

infection.

The determinant(s) of the generation of MCPHT cells induced

following S. mansoni infection are unknown. One possible

candidate is an adolescent worm product. Indeed, soluble worm

antigen preparation (SWAP) has been shown to endow conven-

tional hepatic T cells with the capacity to produce large amounts

of IL-4 and IL-13 [37]. SWAP consists of several components

including not only T cell antigens but also factors that stimulate, or

weeks PI was exhibited. (C and D) Upper graphs; the percentages express the proportions in CD4-positive (c4 or c13 cells, C) or in lymphocyte (triple
positive cells, D) population. Lower graphs; the absolute numbers of c4, c13 (C), or triple positive (D) cells were demonstrated. Data are expressed as
mean values+SD of three or four mice in each experimental time point. Data shown are a representative of three independent experiments. (C)
*0.02,P,0.05 (Mann-Whitney U test). (E) EPG of WT and IL-18 KO mice were analyzed at 4 and 6 weeks PI. Data represent the mean values+SD of
four mice in each experimental time point. This is one representative of three independent experiments. (C–E) Open bars represent WT mice, and
filled bars do IL-18KO mice.
doi:10.1371/journal.pone.0096042.g003

Figure 4. IL-18 receptor is expressed upon some MCPHT cells. (A) Hepatic lymphocytes were isolated from S. mansoni-infected mice at 6
weeks PI and ICS was conducted after TCR ligation. The expression levels of IL-18 receptor a (IL-18Ra) upon c4 (upper panels) or c13 (lower panels)
cells were analyzed. Cells were stained with anti-IL-18Ra (red line) or its respective isotype control (black line). One representative result is shown. (B)
The proportions of IL-18Ra-positive (filled bars) or -negative (open bars) population in c4 (upper graph) or c13 (lower graph) cells are shown. Data
shown are a representative of four independent experiments.
doi:10.1371/journal.pone.0096042.g004
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are targeted by innate immunity. It is probable that SWAP

produced by immature and mature worms differs in its compo-

sition. Hence, the cytokine profiles of Th1 cells generated during

the early phase of S. mansoni infection, when the antigens are

presented by Kupffer cells affected by immature worm’s SWAP,

may be converted into those of the MCPHT cells described here,

induced during the transition phase, when the Kupffer cells

influenced by mature worm’s SWAP present antigens. As the

kinetics of the induction of MCPHT cells and fluke oviposition

seem to be identical (Fig. 3 and Fig. S1), the other possible

candidate for the determinant(s) of the generation MCPHT cells is

soluble egg antigen (SEA), particularly omega-1, which is a

glycosylated T2 RNase and most abundantly present in SEA.

Omega-1 acts as the major component in SEA responsible for

conditioning dendritic cells to convert naı̈ve T cells into Th2 cells

[57–59]. Therefore, it may be fruitful to investigate the effects of

omega-1-immunized hepatic dendritic cells or other antigen-

presenting cell populations [60] upon the cytokine productivities of

IFN-c-producing Th1 cells generated within the liver in the early

phase of S. mansoni infection.

As shown in Figure S4, IL-18KO mice infected with 250

cercariae exhibited higher levels of accumulation of MCPHT cell

populations than those infected with 25 cercariae. On the basis of

the hypothesis concerning the generation of MCPHT cell

populations described above, this suggests two possibilities. One

possibility is that there may be IL-18-independent and antigen-

dependent mechanisms for the expansion of the hepatic c4, c13

and triple positive cells, and that large amounts of parasitic antigen

could overcome the negative effect of IL-18 deficiency upon

expansion of MCPHT cell populations induced following S.

Figure 5. iNKT cells are not the major population of MCPHT cells induced during the transition phase. Hepatic lymphocytes were
isolated from S. mansoni- infected or non-infected, naı̈ve mice and the expressions of iNKT cell-specific TCR were analyzed with aGalCer/CD1d
tetramer after TCR stimulation at 6 weeks PI. aGalCer-unloaded tetramer was used for the negative controls. The numbers in the insets represent
percentages of tetramer-positive populations in CD4+ T cells sampled from naı̈ve mice, c4, c13, or IFN-c2 IL-42 (c242) cells from the infected mice.
Similar results were obtained in two independent experiments.
doi:10.1371/journal.pone.0096042.g005
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mansoni infection. In the livers of mice infected with 250 cercariae,

larger quantities of SWAP and SEA, both of which might be

involved in the generation of MCPHT cell populations, should be

accumulated than in those infected with 25 cercariae. The other

possibility is, therefore, that the differences in the accumulation of

MCPHT cells between the mice infected with 250 and 25

cercariae came from differences in the generation, but not in the

expansion, of those cell populations.

As presented in Figure S2 and reported previously [45,50], IL-

18R was scarcely expressed in IL-4- or IL-13-producing Th2 cells,

suggesting that Th2 cells should be little affected by IL-18.

Moreover, Th2 cells are mainly generated after seven weeks PI

(data not shown), when strong Th2 response-inducing factors, such

as SWAP from mature worms and SEA, are abundant in the

hepatic environment, and hence, generation of Th2 cells in the

liver is accelerated [37,57–59]. For this reason, it is possible that

Th2 cells are not the major cellular origin of MCPHT cells that

expand following the transition phase of S. mansoni infection,

although the possibility that Th2 cells change their nature by other

unidentified mechanisms cannot be excluded.

Figure 6. Infection with increased numbers of cercariae augments the induction of MCPHT cells. (A–D) Hepatic lymphocytes were
prepared from S. mansoni-infected mice at indicated time points, and the proportions and absolute numbers of c4, c13 (A and C), or triple positive (B
and D) cells were investigated by ICS. (A and B) One example using hepatic lymphocytes prepared at 6 weeks PI was displayed. (C and D) Upper
graphs; the proportions in CD4-positive (c4 or c13 cells, C) or in lymphocyte (triple positive cells, D) population are shown. Lower graphs; the
absolute numbers of c4, c13 (C), or triple positive (D) cells are shown. Data are expressed as mean values+SD of three or four mice in each
experimental time point. Data shown are a representative of three independent experiments. (C–D) Open bars represent the mice infected with 25
cercariae, and filled bars do those with 250 cercariae. *0.02,P,0.05 (Mann-Whitney U test).
doi:10.1371/journal.pone.0096042.g006
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In our experiments, histological and serological examination

revealed that S. mansoni infection induced normal hepatic disorders

upon IL-18KO mice (data not shown), suggesting that IL-18 itself

plays only a minor role in the etiology of schistosomiasis. However,

it remains to be determined whether MCPHT cells play some role

in the amelioration or deterioration of disease progression as these

cell populations still accumulated to some extent even in IL-18KO

mice. In order to make this issue clear, it will be necessary to

establish a method to specifically deplete these cells. For this

purpose, identification of specific marker(s) or generation machin-

eries for MCPHT cells is required.

We demonstrate that approximately half of the c4 and c13 cells

expressed IL-18R (Fig. 4 and S2). TCR ligation in the presence of

IL-4 down-regulates the expression levels of IL-18R on the T cells

[61,62]. Therefore, the expression levels of IL-18R in MCPHT

cell populations described here should be down-regulated by IL-4

in an autocrine and/or paracrine manner. This indicates that the

proportions of IL-18R-expressing hepatic c4 and c13 cells may be

higher at the beginning of their generation than at later periods,

and hence, the impact of IL-18 upon MCPHT cells may be the

largest at the beginning of their generation and be attenuated as

those T cells acquire the capacity to produce IL-4 and expand.

Moreover, when IL-4-producing Th2 cells are induced, the down-

regulation of IL-18R expression upon those cells might be

accelerated. Indeed, both the proportions and absolute numbers

of MCPHT cells peaked at 6–7 weeks PI (the end of transition

phase), and they gradually decreased after that period despite the

existence of IL-18 in the environment (data not shown). This may

also suggest that MCPHT cells induced during the transition

phase might act as one of the cellular sources of initial IL-4, which

triggers Th2 cell generation, and as a ‘bridge’ connecting early

Th1 and later Th2 phases of S. mansoni infection, which helps the

appropriate phase transition within the liver.

Further study will provide us with new tools to prevent and/or

to treat hepatic granulomatous disorder induced following S.

mansoni infection.

Supporting Information

Figure S1 Infection with increased numbers of cercar-
iae results in enhanced EPG in the liver. (Upper panel)

EPG in the liver of mice infected with 25 (open bar) or 250 (filled

bar) cercariae was analyzed at 4 and 6 weeks PI. ({, Lower panel)

The EPG values at 4 weeks PI of mice. Data represent the mean

values+SD of three or four mice in each experimental time point.

This is one representative of three independent experiments.

*0.01,P,0.05 (Mann-Whitney U test).

(TIF)

Figure S2 The expression levels of IL-18 receptor are
nonidentical among the hepatic CD4+ cell populations.
(Upper panels) Hepatic lymphocytes were isolated from S. mansoni-

infected mice at 6 weeks PI, and ICS was conducted after TCR

stimulation. (Lower panels) The expression levels of IL-18 receptor

a (IL-18Ra) upon no cytokine-producing (0, orange line), IL-4-

producing (4+, black line), c4 (red line), or IFN-c-producing (c+,

blue line) cells (left panel) or upon no cytokine-producing (0,

orange line), IL-13-producing (13+, black line), c13 (red line), or c+

(blue line) cells (right panel) were analyzed. This experiment is

representative of four independent experiments.

(TIF)

Figure S3 PLZF is expressed upon small populations of
MCPHT cells accumulated during S. mansoni-infection.
Hepatic lymphocytes were isolated from S. mansoni-infected mice at

6 weeks PI and flowcytometric analysis was conducted for the

expressions of PLZF after TCR ligation. The right, small insets

represent the data using isotype control antibody. The numbers in

the insets represent percentages of PLZF populations in c4 or c13

cells. Similar results were obtained in two independent experi-

ments.

(TIF)

Figure S4 High-dose cercariae infection induces some
increase of the unique hepatic T cells upon IL-18-
deficient mice. Hepatic lymphocytes were prepared from S.

mansoni-infected mice at indicated time points, and the proportions

and absolute numbers of c4, c13 (A), or triple positive (B) cells

were investigated by ICS. (Upper graphs) The percentages express

the proportions in CD4-positive (c4 or c13 cells, A) or in

lymphocyte (triple positive cells, B) population. (Lower graphs)

The absolute numbers of c4, c13 (A), or triple positive cells (B)

were displayed. (A and B) Open bars represent the mice infected

with 25 cercariae, and filled bars do those with 250 cercariae.

Similar results were obtained in two independent experiments.

(TIF)

Acknowledgments

We thank Mitsumasa Miura, Fumie Hara, Masako Hayashida and

Megumi Hamasaki for great technical support, Tomoko Takaya and

Hiromi Oda for administrative support, and Richard Culleton for scientific

editing.

Author Contributions

Conceived and designed the experiments: KA SH. Performed the

experiments: KA RN YO MS. Analyzed the data: KA SH. Contributed

reagents/materials/analysis tools: YO. Wrote the paper: KA KT SH.

References

1. Jankovic D, Liu Z, Gause WC (2001) Th1- and Th2-cell commitment during

infectious disease: asymmetry in divergent pathways. Trends Immunol 22: 450–

457.

2. Infante-Duarte C, Kamradt T (1999) Th1/Th2 balance in infection. Springer

Semin Immunopathol 21: 317–338.

3. Gately MK, Renzetti LM, Magram J, Stern AS, Adorini L, et al. (1998) The

interleukin-12/interleukin-12-receptor system: role in normal and pathologic

immune responses. Annu Rev Immunol 16: 495–521.

4. Liblau RS, Singer SM, McDevitt HO (1995) Th1 and Th2 CD4+ T cells in the

pathogenesis of organ-specific autoimmune diseases. Immunol Today 16: 34–38.

5. Charlton B, Lafferty KJ (1995) The Th1/Th2 balance in autoimmunity. Curr

Opin Immunol 7: 793–798.

6. Romagnani S (1994) Lymphokine production by human T cells in disease states.

Annu Rev Immunol 12: 227–257.

7. Constant SL, Bottomly K (1997) Induction of Th1 and Th2 CD4+ T cell

responses: the alternative approaches. Annu Rev Immunol 15: 297–322.

8. Mosmann TR, Coffman RL (1989) TH1 and TH2 cells: different patterns of

lymphokine secretion lead to different functional properties. Annu Rev Immunol

7: 145–173.

9. Nakahira M, Nakanishi K (2011) Requirement of GATA-binding protein 3 for

II13 gene expression in IL-18-stimulated Th1 cells. Int Immunol 23: 761–772.

10. Terada M, Tsutsui H, Imai Y, Yasuda K, Mizutani H, et al. (2006) Contribution

of IL-18 to atopic-dermatitis-like skin inflammation induced by Staphylococcus

aureus product in mice. Proc Natl Acad Sci U S A 103: 8816–8821.

11. Sugimoto T, Ishikawa Y, Yoshimoto T, Hayashi N, Fujimoto J, et al. (2004)

Interleukin 18 acts on memory T helper cells type 1 to induce airway

inflammation and hyperresponsiveness in a naı̈ve host mouse. J Exp Med 199:

535–545.

12. Tsutsui H, Yoshimoto T, Hayashi N, Mizutani H, Nakanishi K (2004) Induction

of allergic inflammation by interleukin-18 in experimental animal models.

Immunol Rev 202: 115–138.

13. Chen Z, Brand NJ, Chen A, Chen SJ, Tong JH, et al. (1993) Fusion between a
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