T cell-mediated immunity in CBA mice during S. japonicum infection
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Abstract

Characterisation of the cellular immune response to schistosomiasis is well established for
Schistosoma mansoni but a comprehensive description of T cell-mediated immune responses
against S. japonicum infection is lacking. In this study, twenty CBA mice were infected with
cercariae of S. japonicum and the immune response at different time points (3, 4, 5 and 6
weeks post infection) determined. Mouse spleen and liver cells were isolated from the mice
and stimulated with schistosomal adult worm antigen (SWAP) and schistosomal egg antigen
(SEA). Flow cytometry was undertaken to evaluate the immune response generated against
these antigens. There was a relatively higher Thl immune response to SWAP at the early
phase of infection (Weeks 3-5 post-infection). However, a Th2 immune response directed
against SEA was dominant at week 6 post-infection, a time point when the highest 1gG
response against both SWAP and, especially, SEA was generated. Furthermore, there was a
consistent increase of IL-17 producing CD4* cells over the course of the infection in both
spleen and liver with gamma-delta T cells being the main producers in the latter organ. The
regulatory immune response was highest at the early phase of the immune response followed
by a rapid decline at week 6-post infection. Prior to egg-laying, S .japonicum induced a
regulatory T cell immune response which may limit the early Th1-mediated immune response
that is believed to be protective in murine schistosomiasis. Following egg laying, the immune
response was polarized to a Th2 immune response mainly directed against the eggs and this

may contribute to parasite survival.

Keywords: Schistosomiasis, T cell immune response, Th1-Th2 shift, IL-17, Regulatory T
cells



Introduction

Schistosomiasis is a chronic parasitic disease and the cause of significant residual morbidity;
consequently it is of considerable public health importance, having substantial socioeconomic

impacts on many impoverished communities |]1[| The pathogenesis in schistosomiasis is due

mainly to the immunological response against schistosome eggs [1]. Many previous studies
on the immunology of schistosomiasis showed that a Th1 polarized immune response occurs
at the early phase of infection followed by switch to a Th2-type response [2]. However, this
model has only been clearly demonstrated using Schistosoma. mansoni but a full and detailed
description of the Th1-Th2 shift in regard to S. japonicum infection is lacking although the
currently available information suggests that this paradigm broadly holds true for this species
as well [3, 4]. In contrast to infection with S. mansoni, neutrophils have been implicated as
the main cell type involved in hepatic granulomatous pathology in schistosomiasis japonica
[5] and higher egg output (at least four times greater) and greater severity of
immunophathology is also observed [6]. Thus, even though both schistosomes likely share
many common antigenic determinants, it is probable that there are unique species-specific
antigens which led early investigators to suggest there are differences in the host immune
response to the two bloodflukes [7, 8].

A recent study by Xu et al. [3] showed that the Th1-Th2 shift appears to operate in the
low pathology C57BL/6 mouse strain infected with S. japonicum [3] but, to our knowledge,
it is not known whether the shift occurs in the high pathology CBA mouse which exhibits a
stronger splenic proliferative response and a lesser suppressor T cell response after a patent
schistosome infection [9, 10]. Therefore, we sought to analyse the immune responses

generated in CBA mice during the course of infection with S. japonicum particularly as this
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strain has been used widely in schistosomiasis vaccine trials to screen vaccine candidates [11-
17].

Until recently, Thl and Th2 cells were considered to be the predominant T cells
involved in the immune response to schistosomiasis. However, following the discovery of
Th17, there has been a paradigm shift from the CD4 Th1/Th2 cell paradigm to include Th17,
and endeavours to uncover the role of Th17 cells in schistosome immunity, especially in
relation to the development of schistosomiasis immunopathology. Limited studies in
C57BL/6 mice showed generally that there is a correlation between a high level of IL-17 and
disease severity [18, 19]. A limitation of much research conducted to date on the immunology
of schistosomiasis has been the dependence on the C57BL/6 mouse [20], due to the
availability of various genetically modified strains on this background. Accordingly, studies
on the Th1-Th2 shift and the involvement of Th17 in murine schistosomiasis japonica with
other mouse strains such as high pathology CBA mice are limited or have not been
undertaken. Such studies are very important in that a wider view of the area will help further
understanding of the immune response to schistosomiasis.

Studies, mainly focussing on S. mansoni, showed that naturally occurring regulatory T
cells (Tregs) play an essential part in the immune response to schistosomiasis by controlling
both Thl and Th2 effector cells [21-23]. For example, one report revealed that Tregs can
suppress Th2 cytokine production in C57BL/6 mice induced by immunization with S.
mansoni eggs [24]. In contrast, another study showed that Tregs bring about Th2 polarization
by inhibiting the Th1l immune response [25]. As knowledge on Tregs in schistosomiasis
japonica is limited, we sought to determine the effector and regulatory T cell immune

responses in CBA mice at different time points following S. japonicum infection.

Materials and methods



Parasites

Oncomelania hupensis hupensis, naturally infected with S. japonicum, were obtained from an
endemic area in Anhui Province, PR China, and transported to the QIMR Berghofer Medical
Research Institute in Australia. Cercariae were shed from the infected snails and collected as
described [26].

Mice

Twenty female CBA mice (6-8 weeks old) were anaesthetised by intraperitoneal injection
(IP) with ketamine (100mg/kg) and Xylazin-20 (30 mg/kg), their abdomens were shaved and
exposed for 40 minutes to 34 S. japonicum cercariae. Five CBA mice were culled and
perfused with PBS at weeks 3, 4, 5 and 6 post—challenge infection. Fifty ul of blood was
collected from each mouse by tail bleed prior to culling. The livers and spleens of the
individual mice were collected for cell isolation. Moreover, a piece of liver was cut from
each mouse and used for liver egg counts. Five naive mice were also used as controls.

Worm and liver egg counts

Adult S. japonicum worms were collected by perfusion at weeks 4, 5 and 6 post infection and
the total worm count and worm pair numbers were determined. Liver egg counts were
performed to determine the number of eggs per gram (EPG) in the liver as described [27].
Briefly, a weighed liver portion was digested with 4% (w/v) KOH and incubated overnight at
37°C. Then the homogenate was centrifuged at 2000g for 10 minutes, washed with 4% KOH
(w/v), the supernatant was discarded and the pellet containing eggs was resuspended and
fixed in 10% (v/v) paraformaldeyde. Counting of the eggs was performed four times for each

sample and the average was taken to calculate the liver EPG.

Adult worm soluble antigen preparation (SWAP)
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Freshly purfused adult worms of S. japonicum were washed with Tris buffer PH 7.4, and
homogenised for 5 minutes on ice using a motor cord-less homogeniser (Kimble Chase,
USA) and the homogenate was the centrifuged at 16,000g [28] for 30 minutes. Protein
concentration was measured by standard Bradford protein assay (Biorad, Hercules, CA,

USA) using bovine serum albumin as standard.

Soluble egg antigen (SEA)

Livers from mice infected with S. japonicum were chopped and digested with 100 mg/ml
Collagenase B (Roche, Mannheim, Germany) overnight at 37°C on a rocker. Following
washing by spinning at 2000 rpm for 5 minutes and resuspending with ice cold 1x PBS, the
preparation was passed through 250pum and 150um sieves. The isolation of eggs was
achieved by centrifuging the preparation at 3000rpm for 5 minutes over a percoll (MA,
USA)-0.25M sucrose gradient [29]. The isolated eggs were homogenized in PBS, examined
under a microscope to confirm they were completely disrupted, centrifuged at 10,0009 for 2
hours at 4°C and the supernatant was used as SEA. Protein concentration was measured by

standard Bradford protein assay.

Lipopolysaccharide (LPS) removal from the SWAP and SEA

LPS removal from SWAP and SEA was undertaken using Triton X-114 (Sigma-Aldrich, St
Louis USA) as described [30]. Briefly, 1% Tritonx-114 was added to the SWAP or SEA
preparations and the mixture was incubated for 30 minutes at 4°C on a wheel shaker,
followed by 10 minutes incubation at 37°C. The samples were then centrifuged at room
temperature at 20,000xg for 10 minutes and the upper aqueous phase containing the SWAP

or SEA preparation was retained. Residual endotoxin removal was confirmed using a Pierce



LAL Chromogenic Endotoxin Quantitation Kit (Thermo Scientific, Rockford, USA)

according to the manufacturer’s instructions.

Enzyme-linked immunosorbent assays (ELISAS)

100 ul of 1pg/ml of SWAP or SEA in buffer (Bicarbonate buffer PH 9.6) were coated
separately on immunoplates (NUNC, Roskilde, Denmark) at 4°C overnight. The plates were
blocked with 5% (v/v) skim milk in PBS for an hour at 37°C and then washed 3 times with
PBS containing 0.05% (v/v) Tween 20 (PBST). Mouse serum samples, serially diluted
(2:100-1:12,800) with 5% (w/v) skim milk in PBST (100ul/well), were added to the plates
which were incubated at 37°C for 2 hours. Sheep anti- mouse 1gG antibody conjugated with
peroxidise (diluted 1: 20, 000), used as secondary antibody, was added to the plates which
were incubated for 1 hour at 37°C. PBST washes were applied five times after each step, 2
minutes between each wash. Finally, reactions were developed with 3,3',5,5'-
tetramethylbenzidine substrate solution (TMB) (Aldrich, St Louis, Mo, USA) (100ul/well)
for 5 minutes, and stopped using 2N sulphuric acid (50 pl /well). Optical density (OD) values
were read at 450 nm using a microplate reader, and all tests were run in duplicate for each
test plate. A positive antibody response was defined as an OD value higher than 2 times the

mean OD values of serum samples from the naive, control mice.

Spleen and liver cell preparation and stimulation

Spleens were gently pressed through a 70um cell strainer to produce a single cell suspension.
Red blood cells were removed from the cell suspension using RBC lysis buffer (Sigma,
St.Louis, MO, USA), before it was washed and resuspended in Iscove’s Modified
Dulbeccco’s Medium (IMDM; Gibco,Grand Island, NY,USA) to enable counting of viable

cells.



Mouse liver was chopped and then digested with 5 ml collagenase (5 mg collagenase
Type IV (Sigma), 5 mL Hank's balanced salt solution HBSS (Sigma) and 200 pg DNase
(Sigma)) and the preparation was then pressed through 100um cell strainers. The filtered
solution was then washed with 2% (v/v) foetal bovine serum in phosphate buffered saline

(FBS/PBS), the sedimented pellet [resuspended, Percoll density gradient medium added and
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the suspension centrifuged at 1700 rpm for 12 minutes at room temperature. The resulting
supernatant containing hepatocytes, debris and the Percoll medium was discarded, the pellet
was resuspended in 1ml of RBC lysis buffer (Sigma) and the preparation was incubated for 5
minutes at room temperature. Then, 9 ml of (2% v/v) FBS/PBS was added, the preparation
was centrifuged at 1200 rpm for 6 minutes at 4° C, the supernatant discarded and the pellet
resuspended in IMDM.

The purified spleen and liver cells were counted and their viability assessed using the
trypan blue exclusion method [31]. Once counted, cells were resuspended at a concentration
of 5 x 105/mL and used to plate flat bottom 96 well plates. The cells were stimulated with
SEA (10pg/ml), SWAP (10pg/ml), Concanavalin A (Con A) (0.5 pg/ml), as a positive
control; IMDM only was added to cells plated as negative controls. After cell culture for 68
hours, Brefeldin A (BFA), at a final concentration of 200 ug/ml, was added to the plates.

Cells were harvested 4 hours after the addition of BFA.

Flow cytometryic analysis
Effector T cell assessment
Cells were first surface stained with Brilliant Violet 421 conjugated anti CD3 (Clone 17A2,
Biosearch, CA, USA), Alexa Fluor 700 conjugated anti CD4 (Clone: RM4-5, BD Bioscience,
New Jersey, USA), Brilliant Violet 650 conjugated anti CD8 (Clone: 53-6.7, Biosearch) and

Alexa Fluor 488 conjugated anti y6 TCR (Clone: GL3, Biosearch). Following washing with
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2% (v/v) FBS, cells were fixed by fixation/permeabilization solution (BD Biosearch) and
washed with BD perm/wash (BD, Biosciences). Intracellular staining was performed using
PerCpCy5.5 conjugated anti IFNy (Clone: XMG 1.2, Biosearch), Phycoerythrin (PE)-CF594
conjugated anti IL-4 (Clone: 11B11, BD Bioscience) and Alexa Fluor 647 conjugated anti IL-

17 (Clone: TC11-18H10.1, Biosearch).

Regulatory T cell assessment

Cells were first surface stained with Brilliant Violet 421 conjugated anti CD3 (Clone: 17A2,
Biosearch), Alexa Fluor 700 conjugated anti CD4 (Clone: RM4-5, BD Bioscience) and
PerCP5.5 conjugated anti CD25 (Clone: PC61, BD Bioscience). Following washing with 2%
FBS, cells were fixed by transcription factor (TF) Fix/Perm buffer (BD Bioscience) and
washed with BD TF perm/wash (BD, Biosciences). Intracellular staining was performed

using PE-CF594 conjugated anti FoxP3 (Clone: MF23, BD Bioscience).

Fixable viability stain 780 (BD, Horizon TM), for discrimination of viable from non-
viable cells and purified rat anti-mouse CD16/CD32 (mouse CD Fc Block TM) (2.4G2, BD
Pharmingen) for blocking non specific binding, were used for both effector T cell and
regulatory T cell assessment. Fluorescent Minus One (FMO), single stained cells and anti-rat
and anti-hamster Ig k and negative control compensation beads (BD, Bioscience) were also
prepared to act as controls and to allow for fluorochrome compensation. The stained cells
were analysed using Fortessa 4A and FACS Diva software (BD, Bioscience). Analysis of the

data was carried out using Flowjo version 10 software.

Statistical analysis

All data are presented as the mean + SEM. Differences between groups were assessed for
statistical significance using the two-tailed t-test. A statistically significant difference for a
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particular comparison was defined as P value < 0.05 using GraphPad Prism software (Version

7.02).

Results

Worm and egg burdens in S. japonicum-infected CBA mice

CBA mice infected with S. japonicum were perfused at weeks 3, 4, 5 and 6 post- infection
and worms were collected and counted. A small number of immature worms were observed
at 3 weeks post- infection. At week 6 post- infection, the average total number of worms and
worm pairs were 27+2 and 12+2, respectively. Liver egg burdens determined for the
different time points showed a consistent increase over the course of infection, commencing

at week 4 post-infection (Figure 1).

Figure 1. Worm and liver egg burden in S. japonicum- infected CBA [mice. At each time

point post-challenge infection, five infected CBA mice were culled and perfused A. Number
of worms collected at the different time points post infection. B. Number of paired worms
collected at the different time points post infection. C. Number of eggs per gram of liver. The

error bars in the panels represent the standard error of the mean (SEM).

Increased immune cell numbers in spleen and liver cells after S. japonicum infection
Isolation and counting of immune cells from the spleen and liver of infected and control mice
revealed the total number of the cells in both organs increased in S. japonicum-infected

animals over the course of the infection (Figure 2).

Figure 2. Number of immune cells in S. japonicum -infected CBA mice at different time
points post-infection. At each time point, five infected mice were culled and the spleens and
livers removed and five naive mice were used as controls. A. Number of splenocytes B.

Number of liver lymphocytes.

|
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The serum IgG response was higher against egg-derived antigens than against adult

worm-derived antigens

Generally, there was a trend of increased 1gG response against both SWAP and SEA in the
sera of mice over the course of the infection (Figure 3). At week 6 post-infection, the 1gG
response was significantly more pronounced (p= 0.0159) against SEA ( titre of 1: 3200) than
SWAP ( titre of 1:200) in infected animals whereas at weeks 5 and 6 post- infection the 1gG
response against SEA was significantly higher (p=0.0357) than that from uninfected controls

(Figure 3).

Figure 3. Levels of anti-SWAP and anti-SEA-IgG antibodies determined by ELISA in
sera from S. japonicum-infected CBA mice at different time points post-infection and
from uninfected control animals. At each time point, blood was taken from five S.
japonicum infected mice and five naive (uninfected) animals. The OD values determined for
anti-SEA and anti-SWAP IgG serum antibodies at different time points were compared; *p<
0.05 is significant. SWAP-ELISA: Schistosome soluble adult worm antigen preparation-
enzyme-linked immunosorbent assay; SEA-ELISA: Schistosome soluble egg antigen-

enzyme-linked immunosorbent assay.

The Thl immune response is higher during the early phase S. japonicum infection and is

generated against adult worm derived antigens.

The percentage of CD4* T splenocytes producing IFN-y increased consistently up to week 5

post-infection but this was followed by a dramatic decrease by week 6 (Figure 4A; —{ commented [d4]: Correct? ~you had 6A

Supplementary Figure 1A). The highest proportion of IFN-y-producing CD4* splenocytes
was observed when cells were stimulated with SWAP (Figure 4A).
The production of IFN-y by liver CD4* lymphocytes after culture with SEA and

SWAP declined substantially at week 6 post-infection (Figure 4B), similar to that observed

with the splenocytes, following a consistent increase over the previous weeks (Figure 4A; —{ commented [d5]: Correct - you had 6
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Supplementary Figure 1B). However, the proportion of IFN-y-producing liver lymphocytes

was highest when restimulated with SEA (Figure 4B).

Figure 4. Frequency of IFN-y producing CD4* splenocytes and liver lymphocytes of S.
japonicum-infected CBA mice at different time points post-infection following
stimulation with different antigens in vitro. A. The change in percentage of IFN-y-
producing CD4+ splenocytes (Thl cells) over the course of the infection. B. The change in
percentage IFN-y-producing CD4* liver lymphocytes (Thl cells) over the course of the

infection.

A Th2 immune response follows egg-laying by S. japonicum

Unlike IFN-y-producing splenocytes, the percentage of IL-4 producing CD4* splenocytes
was low and showed a slightly decreasing trend at the early phase of S. japonicum infection
but a dramatic increase in percentage of these cells occurred at week 6 post-infection. This
time point coincided with the highest egg burden in the liver, likely correlating with a

Th1/Th2 shift (Figure [SAJ; Supplementary Figure 2A). The highest proportion of IL-4-
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producing CD4* splenocytes occurred when these cells were stimulated with SEA (Figure
5A). Similarly, the percentage of CD8* splenocytes producing IL-4 increased sharply at week
6 even though the number was relatively low compared with the CD4* splenocytes (Figure

5B).
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The trend of percentage of IL-4 producing liver lymphocytes was similar to that of
splenocytes in that we observed a low percentage up to week 5 followed by a sharp increase

by week 6 (Figure 5C; Figure 6B; Supplementary Figure 2B).
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Figure 5. Frequency of IL-4 producing cells by S. japonicum-infected CBA mice at
different time points post-infection following stimulation with different antigens in
vitro. A. Change in IL- producing CD4* splenocytes (Th2 cells) over the course of infection.
B. Change in IL-4-producing CD4* liver lymphocytes (Th2 cells) over the course of
infection. C. Change in IL-4-producing CD8* liver lymphocytes (Th2 cells) over the course

of infection.

Figure 6. Flow cytometry analysis of IFN-y producing cells (Th1) and IL-4 producing
cells (Th2) at different time points post-S. japonicum infection of CBA mice. The
histogram shows the percentage change of Thl and Th2 cells over the course of the S.
japonicum infection in CBA mice. A. Frequency of CD4* splenocyte producing IFN-y (Thl

cells) and IL-4 (Th2 [cellj). B. Frequency of CD4" liver lymphocytes producing IFN-y (Thl

///{ Commented [d8]: You didn’t refer to Fig 6A in the text.

cells) and IL-4 (Th2 cells).

Supplementary Figure 1. Flow cytometry analysis of IFN-y- producing splenocytes and
liver lymphocytes (Th1l cells) of CBA mice at different time points post S. japonicum
infection. A. Flow cytometry chart showing percentage changes of Thl (CD3* CD4+ IFNy*)
cells in the spleen of infected mice at different time points. B. Flow cytometry chart showing
percentage changes of Thl (CD3* CD4* IFNy+) cells in the liver of infected mice at different
time points. The percentage of INF-y- producing cells in both panels was estimated from the

total number of CD4* T cells.

Suppementary Figure 2. Flow cytometry analysis of IL-4-producing splenocytes and

liver lymphocytes (Th2 cells) of CBA mice at different time points post-S. japonicum
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infection. A. Flow cytometry chart showing percentage changes of Th2 (CD3* CD4* IL-4*)
cells in the spleen of infected mice at different time points. B. Flow cytometry chart showing
percentage changes of Th2 (CD3* CD4* IL- 4*) cells in the liver of infected mice at different
time points. The percentage of I1L-4- producing cells in both panels was estimated from the

total number of CD4* T cells.

Gamma delta T cells are the major cells producing IL-17 in the liver

The frequency of IL-17-producing CD4* cells in both splenocytes and liver lymphocytes
consistently increased over the course of the S. japonicum infection (Figure 7A; Figure 7B).
However, gamma delta T cells were the main cells producing IL-17 in the liver and similar to
CD4* cells, they generally showed a consistent increase over the course of the infection with
a sharp increase at week 6 post-infection. Furthermore, a higher proportion of IL-17-
producing cells was found in the liver (20%) compared with the spleen (2%) (Figure 7A;

Figure 7C).

Figure 7. Frequency of IL-17-producing cells in S. japonicum-infected CBA mice at
different time points post-infection following stimulation with different antigens in
vitro. A. Frequency of IL-17-producing CD4* splenocytes. B. Frequency of IL-17-producing
CD4* liver lymphocytes. C. Frequency of IL-17-producing gamma delta T cells (CD3* CD4-

CD8-y6TCR") in the liver.

The regulatory T cell immune response is higher during the early phase of infection

There was a consistent gradual increase in the frequency of regulatory T splenocytes over the
course of the infection but a sharp decrease occurred at week 6 post-infection (Figure 8A;
Supplementary Figure 3). Examination of the regulatory T cell immune response in the liver

was not undertaken at weeks 3 and 4 post-infection due to the low number of immune cells at
13



these time points but a decrease in the number of regulatory T cells was observed from week

5 to 6 post-infection (Figure 8B).

Figure 8. Frequency of regulatory T splenocytes in S. japonicum-infected CBA mice
over the different time points following stimulation with different antigens in vitro. A.
Frequency of regulatory T cells (CD3* CD4* CD25* FoxP3*) in the spleen. B. Frequency of

regulatory T cells in the liver (CD3* CD4* CD25* FoxP3*).

Supplementary Figure 3. Flow cytometry chart showing percentage changes of
regulatory T cells (CD3*CD4*CD25*FoxP3*) in the spleen of CBA mice at different time
points post-S. japonicum infection. The percentage of regulatory T cells was estimated from

the total CD4* T cells present. Five naive mice were used as controls.

Discussion

Studies on understanding immune response mechanisms against schistosomes have focused
predominantly on S. mansoni and have provided convincing evidence that a Thl-type
immune response dominates against this species in the early phase of infection but is
followed by a Th1/Th2 shift following egg deposition [2, 32]. In contrast, similar detailed
information on the immune response against S. japonicum is lacking. In addition, much of
our accumulated knowledge on the immunology of schistosomiasis comes from data obtained
with the commonly used C57BL/6 mouse strain. However, use of the CBA mouse, in which
schistosomiasis pathology is more severe, may reflect distinct differences in immunological
features as it has been shown that this strain produces a stronger splenic proliferative
response and a reduced suppressor T cell response after a patent S. mansoni infection than do
infected C57BL/6 mice [9, 33]. We report here the results of a similar in depth study with S.

japonicum-infected CBA mice which, to our knowledge, had not been undertaken hitherto.
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Experimental helminth models have shown how the interaction between Thl, Th2,
Th17 and regulatory T cells (Tregs) can affect resistance to infection [34, 35]. Accordingly
we also examined the effector T cell and regulatory T cell immune responses in the spleen
and liver of CBA mice at different time points post-infection with S. japonicum. In general,
there was an increase in the number of splenocytes and liver immune cells over the time
course of the infection. There was consistent increased Th1l immune response up until week 5
post-infection and it was higher against the adult parasite derived protein (SWAP) than egg
derived protein (SEA) suggesting the immune response was directed primarily against the
adult worm. The Th1l immune response observed at the early phase of the infection may be
targeting killing of the schistosomulum stage as it has clearly been shown previously that the
Th1 response in murine schistosomiasis is crucial in killing these larvae and/or the adult
parasites by inducing macrophages and B cells to produce complement fixing and opsonising
antibodies which eventually result in host resistance [3, 36-40]. However, in the current
study, the Thl immune response declined sharply at week 6 post-infection, a time point when
considerable numbers of eggs are being laid, and was replaced by a Th2 immune response, a
finding in concordance with other studies showing a Th1/Th2 shift after infection of mice
with both S. japonicum and S. mansoni [2, 3, 41].

The increased Th2 response may be triggered by the increased numbers of eggs
trapped in the liver at week 6 post-infection as the immune response was higher against SEA
than SWAP (Figure 5) and there was also high liver egg burden at this time point (Figure 1).
Such a polarized Th2 immune response may lead to hepatic pathology and favour the
development of pathogenic IgE [38]. It is clear that a Th2 type of immune response induces
humoral immunity by inducing the production of 1gGl [34]. The current study also
demonstrated that there was a consistent increase in IgG titre over the time course of the S.

japonicum infection with a sharp increase at week 6 post-infection. Moreover, a significantly
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higher 1gG response was observed against the egg derived antigen (SEA) than worm derived
antigen (SWAP) indicating the predominant Th2 immune response is directed against
parasite eggs.

Even though there was a trend towards an increased Thl immune response at the
early phase of infection (up to week 5 post-infection), the frequency of IFN-y-producing cells
(Th1 immune response) was lower compared with the generated Th2 immune response at the
later phase of the infection. This may be the reason why most of the schistosomula were able
to survive and mature into adult parasite (more than 70% of the cercariae used to infect the
CBA mice were recovered as adult worms) (Figure 1). Moreover, we also demonstrated a
trend of increasing T regulatory immune response at the early phase of infection which likely
suppressed the potentially parasite-damaging Th1l immune response [34, 39, 42-46]. Similar
to the current report, there is some prior evidence that schistosomes can induce T regs. Sm29,
a membrane-bound glycoprotein found on the tegument of S. mansoni, with homology to
some unknown S. japonicum proteins, has been shown to increase the production of immune
regulatory cytokines, particularly 1L-10, which can inhibit the Th1l immune response [47].
However, in contrast, another study showed that Foxp3(+) Treg cells did not play a
prominent role in regulating immunity to S. mansoni larvae, [48]; consequently, the different
factors accounting for these contradictory findings require further investigation.

Surprisingly, there was a sharp decline of Treg cells at week 6 post-infection in both
the spleen and liver which may have contributed to the increased Th2 immune response at
this time point. This type of unregulated Th2 immune is one of the reasons for the severe
fibrosis characteristic of murine schistosomiasis [49]. There is also evidence showing that a
deficiency of T regs can result in immunopathology and that CD25* T regs can prevent this
immunopathological response directed against eggs [22, 34, 50]. The reasons why this

phenomenon (high Th2 immune response with low T reg response) was observed in the
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present study may be because: a). High pathology CBA mice were used rather than the more
common C57BL/6 strain in which pathology is less severe [51]; and b). The CBA mice were
infected with a relatively high cercarial dose (34) of S. japonicum resulting in a higher liver
egg burden and a more pronounced chronic infection than reported in other studies.

We additionally examined the IL-17 mediated immune response against S. japonicum
and showed a consistent increase in the percentage of IL-17 producing cells over the time
course of the infection in both the spleen and liver. This IL-17-mediated immune response
could have been directed against S. japonicum eggs trapped in the liver [20]. IL-17 also plays
an important role in contributing to the granulomatous inflammatory and fibrosing reactions
in schisotosome-infected mice [19]. Moreover, IL-17 mediated immunity and a Th2 immune
response recruit eosinophils and neutrophils, respectively, for the formation of liver
granulomas [35]. In the present study, the main IL-17 producing cells in the liver were
gamma delta T cells and a sharp increase in the numbers of these cells was observed at week
6 post-infection, supporting a previous study with S. japonicum-infected C57BL/6 mice [19].

In summary, we demonstrated a Th1/Th2 shift in the immune response over the
course of a S. japonicum infection in CBA mice. Moreover, we showed a significantly high
involvement of gamma delta T cells in the infected liver in producing IL-17 late on in the
immune response at a time point coinciding with the accumulation of high numbers of eggs
in the liver. T regulatory cells were relatively highly engaged at the early phase of the
infection and were probably induced by the parasite to suppress the disadvantageous Thl
immune response that could potentially clear the infection. Hence, down regulating the T
regulatory response at an early phase of infection may help the host clear the infection even
though this may also contribute to host injury by the generation of a pro-inflammatory Thl
immune response. Generally, the Th2 immune response observed in the present study, which

was predominant at the later phase of the infection, seems more of a Type Il inflammatory

17



type rather than a Type Il regulatory response [35] as the former is more common in allergic
and fibrotic reactions of the type evident in CBA mice which produce a severe form of
schistosome-induced fibrosis. We also speculate that anti-schistosome vaccine candidates that
can primarily induce a pronounced Thl immune response before the parasite commences
egg-laying would result in parasite clearance and that enhanced host resistance to

schistosomiasis might be feasible.
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