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Abstract 

 
 

Title of Dissertation: 

 

Role of Regulatory Immune Responses in the Pathogenesis of Schistosomiasis 

 

Mazen N. Makarem 

 

Thesis directed by: 

Stephen J. Davies, B.V.Sc, Ph.D 

Assistant Professor, Department of Microbiology and Immunology 

 

Schistosomiasis leads to significant morbidity and mortality, associated primarily 

with the production of eggs by schistosomes. Our previous studies, using a murine model 

of Schistosoma mansoni infection, demonstrated that schistosome development in the 

mammalian host require the presence of host CD4
+
 T cells to complete their development 

normally. Our goal was to elucidate whether the activation of CD4
+
 T cells to 

schistosome worm antigens is necessary for the development of schistosomes in early 

infection. CD4
+
 T cell responses that occur earlier in schistosome infection are of 

considerable interest because of their potential ability to kill migrating schistosomula and 

mediate protection against infection. We therefore initiated studies to better characterize 

the early CD4
+
 T cell responses to schistosome worm antigens in greater detail. CD4

+
 T 

cells from livers of 4 week infected mice expressed predominantly IL-10 mRNA and 

protein. IL-10
-/-

 mice showed that IL-10 is responsible for regulating IFN-  levels in early 
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infection. We also report that disruption of other regulatory mechanisms, such as 

Adenosine 2A receptor (A2AR) signaling, leads to the dysregulation of CD4
+
 T cell 

responses to worm antigen, and that this dysregulation is mediated directly at the level of 

the CD4
+
 T cells. Further, loss of A2AR expression exacerbated levels of schistosome 

egg-induced fibrosis. We also investigated the role of effector CD4
+
 T cells on their 

ability to facilitate schistosome development.  Priming by infection or vaccination does 

not interfere with the ability of transferred CD4
+
 T cells to promote schistosome 

development in RAG
-/-

 mice, suggesting that CD4
+ 

T cell responses are not critical to 

influencing parasite development.  Moreover, in vaccinated mice, we provide evidence 

that CD4
+
 T cells simultaneously mediate protection against schistosome infection and 

facilitate worm development. Finally, we show that inhibition of regulatory responses 

during early infection have some effect on parasite development. Together these results 

indicate that early schistosome infection induces a regulatory response in the host, 

possibly allowing S. mansoni worms to evade the immune response and establish a 

chronic infection.  These findings suggest that overcoming regulatory responses in early 

infection could lead to development of more effective vaccines for preventing 

schistosome infection. 
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Hypothesis and Specific Aims 

   

 Our previous studies, using a murine model of Schistosoma mansoni infection, 

demonstrated that schistosomes specifically require the presence of host CD4
+
  T cells 

to complete their development normally. However, the mechanism by which CD4
+
 T 

cells facilitate schistosome development is not known. Therefore, we sought to 

investigate whether the activation of CD4
+
 T cells to schistosome worm antigens is 

necessary for the development of schistosomes. Because the primary function of CD4
+
 T 

cells is to recognize and mount responses to foreign peptide antigens presented in the 

context of major histocompatibility complex (MHC) class II molecules, we hypothesize 

that CD4
+
 T cell responses to S. mansoni worm antigens during early infection 

facilitate the development of schistosome parasites.  To test this hypothesis, our 

specific aims are: 

 

 

Specific Aim #1: To characterize the CD4
+
 T cell response to S. mansoni worms in 

early infection. While the overall T cell response to egg antigens in the later phases of S. 

mansoni infection has been determined to be a strong Th2 response, the comparatively 

limited amount of published data available suggest the response to worm antigens during 

the early stages of primary infection is a relatively minor Th1 response. In this aim we 

will specifically assess the CD4
+
 T cell response to worm antigens in early infection.   
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Specific Aim #2: To determine the effect of antigen-experienced CD4
+
 T cells, as 

compared to naïve CD4
+
 T cells, on growth and development of S. mansoni worms. 

This aim will be addressed by adoptively transferring CD4
+
 T cells from infected donors 

into RAG
-/-

 recipients, to assess their ability to restore the growth and development of S. 

mansoni worms. 

 

 

Specific Aim #3: To determine if immune regulatory mechanisms in early infection 

allow S.mansoni worms to evade the immune response. Published data suggest that IL-

10 interferes with vaccine-induced immunity to schistosomes. Further, our preliminary 

data show that IL-10 production by CD4
+
 T cells is elevated early during S. mansoni 

infection, suggesting a possible role for regulatory T cell responses during worm 

development. To assess this possibility, the regulatory response in infected animals will 

be disrupted to determine its effect on S. mansoni worm establishment and development.  
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Abstract 

Schistosome infection, which results in exposure of the host to a variety of 

different parasite life cycle stages, induces a diversity of CD4
+
 T cell responses that 

change in character as the infection proceeds and the parasites mature. In contrast to 

schistosome eggs, which are potent inducers of Th2 responses, here we show that 

intravascular schistosome worms rapidly induce a systemic regulatory CD4
+
 T cell 

response during the first four weeks of infection. In both liver and spleen, CD4
+
 T cells 

from infected mice produced IL-10 in response to schistosome worm antigens, which 

served to modulate concomitant Th1 responses. Furthermore, we provide evidence for 

regulation of both Th1 and Th2 responses during schistosome infection by adenosine 

signaling through the A2A receptor. In the early stages of infection, A2AR signaling 

cooperated with IL-10 to limit IFN-  production by CD4
+
 T cells via a direct mechanism 

involving activation of A2ARs on CD4
+
 T cells themselves. However, later in infection, 

A2AR signaling was found to be a negative regulator of egg-induced Th2 cytokine 

production and the subsequent Th2-mediated fibrosis associated with schistosome eggs. 

Together our data indicate that, during schistosome infection, multiple regulatory 

mechanisms are induced both by schistosome worms and eggs and that signaling by the 

“retaliatory metabolite” adenosine plays a protective role in limiting excessive fibrosis in 

response to schistosome eggs.
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Introduction 

Schistosomiasis, a neglected tropical disease caused by intravascular trematode 

parasites of the genus Schistosoma, afflicts over 200 million people worldwide, while a 

further 600 million individuals living in endemic areas are at risk of infection (Pearce and 

MacDonald, 2002). Schistosome infection leads to significant morbidity and mortality, 

associated primarily with the production of schistosome eggs, which embolize in the 

blood to various tissues and organs and cause chronic, granulomatous inflammation that 

disrupts tissue architecture and compromises organ function (Wynn et al., 2004). The 

pathology caused by egg deposition is mediated by CD4
+
 T cell responses to egg 

antigens, which are strongly biased towards a Th2 phenotype (Pearce and MacDonald, 

2002). Indeed, schistosome eggs and their antigens are potent autonomous inducers of 

Th2 responses (Vella and Pearce, 1992) that have been widely and successfully used as 

model Th2 antigens to investigate the induction of Th2 responses (Pearce, 2005). In 

schistosomiasis, egg-induced Th2 responses drive the accumulation of eosinophils (Sher 

et al., 1990b), alternatively activated macrophages (Herbert et al., 2004) and collagen 

(Wynn et al., 2004) in egg-associated granulomas. The Th2 cytokine interleukin (IL-) 13 

plays a central role in the latter process (Wynn, 2003), which leads to one of the most 

severe consequences of schistosomiasis – extensive and largely irreversible fibrosis of 

essential organs such as the liver (de Jesus et al., 2004).  

Because of their critical role in mediating the immunopathology associated with 

schistosomiasis (Wilson et al., 2007), egg-induced Th2 responses have deservedly 

received much attention and have contributed greatly to our understanding of Th2 cell 

development and function, in the context of helminth infections and in general. However, 
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CD4
+
 T cell responses that occur earlier in schistosome infection, before the onset of egg 

deposition in the fifth or sixth week of infection, are also of considerable interest for two 

reasons. First, the developing juvenile schistosomes (schistosomula) are vulnerable to 

immunological attack and offer the best target for vaccines that aim to protect against 

schistosome infection (Hewitson et al., 2005). Indeed, the most successful experimental 

vaccine for schistosomiasis to date, consisting of skin exposure to radiation-attenuated 

infectious larvae (cercariae), targets migrating schistosomula during the first two weeks 

of subsequent challenge infection by inducing a protective Th1 response that eliminates 

schistosomula through a variety of effector mechanisms (James et al., 1998; Jankovic et 

al., 1999). Second, for reasons that remain unclear, CD4
+
 T cells are required for the 

normal growth and development of Schistosoma species once they reach the portal 

vasculature, at least in mice (Davies et al., 2001). For these reasons, we initiated studies 

to characterize early CD4
+
 T cell responses to schistosome worm antigens in greater 

detail, to better understand how CD4
+
 T cells mediate protection against schistosome 

infection under some circumstances and yet facilitate the establishment of infection in 

others. 

While the immune response induced by vaccination with irradiated cercariae has 

been well studied (Hewitson et al., 2005), there is considerably less data available on the 

response of naïve hosts to primary infection with non-irradiated cercariae. Previous 

studies found that splenocyte cultures from prepatently infected mice consistently 

produce IFN-  in response to schistosome worm antigens (Pearce et al., 1991), leading to 

the widely accepted model that schistosome infection of naïve hosts begins with a 

relatively minor Th1 response to worm antigens that is then superseded by a vigorous 
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Th2 response to egg antigens around six weeks post infection (Pearce and MacDonald, 

2002). Recently, a number of informative studies have expanded our understanding of 

interactions between normal cercariae and the immune system in the skin and indicate 

that cercarial invasion induces a transient, mixed Th1/Th2 response that is rapidly 

downregulated (Angeli et al., 2001; Hogg et al., 2003a; Hogg et al., 2003b). This rapid 

decline in Th responses may be due to exploitation of several host regulatory mechanisms 

by the parasites, in addition to release of a schistosome molecule with anti-inflammatory 

prostaglandin synthase activity (Angeli et al., 2001). Thus, there appear to be qualitative 

differences in the immune responses initiated at the site of infection in the skin and 

systemically, once the parasites enter the vasculature. Here we provide evidence that 

reconcile these disparate results by showing that the systemic type 1 CD4
+
 T cell 

response to worm antigens is subject to considerable regulation by IL-10-producing 

CD4
+
 T cells. These IL-10-producing CD4

+
 T cells are induced by schistosome infection, 

do not express the regulatory T cell-specific transcription factor Foxp3, secrete IL-10 in 

response to schistosome worm antigens and co-localize anatomically with the developing 

schistosomes in the livers of infected animals. Further, we show that CD4
+
 T cell 

responses to schistosome worms and eggs are subject to regulation by adenosine 2A 

receptor (A2AR) signaling, an innate regulatory mechanism active at sites of cellular 

injury and stress (Hasko and Cronstein, 2004). By comparing early responses to worms 

with later responses to eggs, we show that A2AR signaling modulates both Th1 and Th2 

responses via A2ARs expressed on CD4
+
 T cells and that disruption of A2AR signaling 

is associated with exacerbation of egg-induced pathology. 
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Materials and Methods 

 

Mice 

A2AR
-/-

 and wild type controls on a 129B6 background were maintained in a breeding 

colony at the New York University animal facility. Six-wk-old male C57BL/6 IL-10
-/- 

mice were purchased from Jackson.  Wild type C57BL/6 mice were purchased from 

National Cancer Institute. All mice were maintained in a specific pathogen-free 

environment.  

 

Schistosome infection and vaccination 

Cercariae of Schistosoma mansoni (Puerto Rican strain) were obtained from infected 

Biomphalaria glabrata snails. For establishment of primary schistosome infection, mice 

were infected by immersion of the tail for 40 min in water containing 150 S. mansoni 

cercariae. For experiments where animals were vaccinated prior to infection, animals 

were first exposed three times at 5-7 week intervals to 500 S. mansoni cercariae irradiated 

with 50 krad from a 
60

Co source. Mice were then infected as described and euthanized at 

4 weeks post infection.  

 

Parasite antigen Preparation 

For preparation of soluble worm antigen (SWAP), adult S. mansoni worms (male and 

female) were suspended
 
in ice-cold PBS and homogenized on ice. Insoluble

 
material was 

removed by centrifugation at 13,200 x g for 45 min at 4°C, and the supernatant was filter-

sterilized. Protein concentration was determined by the Bradford assay (BioRad, 
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Hercules, CA) on a Spectramax M2 micro plate spectrophotometer (Molecular Devices,
 

Sunnyvale, CA) and frozen in aliquots stored –80°C. Soluble S. mansoni egg antigen 

(SEA) was provided by Dr. Jankovic (LPD, NIH). 

 

CD4
+
 T cell isolation 

Single-cell suspensions of leukocytes were prepared from pooled spleens and pooled 

livers of infected mice by dissociating tissues through nylon cell strainers and lysing 

erythrocytes with ACK lysing buffer if necessary. For livers, 25 ml of 35% Percoll (GE 

Healthcare Bio-Sciences AB) was added to the single-cell suspension from each liver and 

centrifuged at 2000 rpm for 10 min at room temperature to separate the leukocyte pellet 

from the lower density hepatocytes. CD4
+
 T cells were isolated by positive selection 

using magnetic anti-CD4 microbeads and MACS separation columns (Miltenyi Biotech, 

CA), following the instructions provided by the manufacturers. In some experiments, 

CD4
+
 T cells were isolated by flow cytometry using a FACSAria cell sorter (BD 

Biosciences) so that other CD4
+
 cells such as NKT cells and myeloid cells could be 

excluded using anti-NK1.1, anti-CD11c and anti-CD11b antibodies as previously 

described. 

 

Gene expression analysis by real-time PCR 

RNA was extracted from whole tissue or purified CD4
+
 T cells using the RNeasy mini-kit 

(Qiagen) and RNA concentration was determined by NanoDrop ND-1000 

spectrophotometer (NanoDrop Technologies, Wilmington, DE).  RNA (1 ug) was 

reverse-transcribed using the iScript Select cDNA Synthesis kit (Bio-Rad, Hercules, CA). 
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Real-time PCR was performed on a CHROMO 4 PTC-200 (Bio-Rad) using the iQ SYBR 

Green Supermix kit (Bio-Rad). Primer sequences used are as follows: IFN- : forward 5’-

ATGAACGCTACACACTGCATC-3’, reverse 5’-CCATCCTTTTGCCAGTTCCTC-3’; 

IL-4: forward 5’-GGTCTCAACCCCCAGCTAGT-3’, reverse 5’-

GCCGATGATCTCTCTCAAGTGAT-3’; IL-5: forward 5’-

CTCTGTTGACAAGCAATGAGACG-3’, reverse 5’-

TCTTCAGTATGTCTAGCCCCTG-3’; IL-10: forward 5’-

CTGGACAACATACTGCTAACCG-3’, reverse 5’-

GGGCATCACTTCTACCAGGTAA-3’; IL-12p40: forward 5’-

AGACATGGAGTCATAGGCTCTG-3’, reverse 5’-CCATTTTCCTTCTTGTGGAGCA-

3’; IL-13: forward 5’-GCAACATCACACAAGACCAGA-3’, reverse 5’-

GTCAGGGAATCCAGGGCTAC-3’; A2AR: forward 5’-

AGCCAGGGGTTACATCTGTG-3’, reverse 5’-TACAGACAGCCTCGACATGTG-3’; 

18s rRNA: forward 5’-CGGCTACCACATCCAAGGAA-3’, reverse 5’-

GCTGGAATTACCGCGGCT-3’. The comparative threshold cycle (CT) of each gene of 

interest was then normalized to the sample’s CT for 18s ribosomal RNA using the 

Opticon Monitor 2 software and fold increase vs control samples calculated using the 

CT calculation. 

 

In vitro restimulation of CD4
+
 T cells 

CD11c
+
 splenic dendritic cells were isolated from non-infected mice using magnetic anti-

CD11c
 
microbeads and MACS separation columns. CD4

+
 cells isolated as described 

above were then
 
co-cultured with dendritic cells in T cell medium (TCM; RPMI

 
1640, 
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10% heat-inactivated fetal calf serum (FCS), 1000 U/ml penicillin, 10 μg/ml 

streptomycin, HEPES, 10mM; MEM Non-essential amino acids Solution, 10mM; L-

glutamine, 200mM; Sodium pyruvate, 100mM; -mercaptoethanol, 55mM)  at a ratio of 

10:1. Depending on experiment, SWAP or SEA was added to a final concentration of 

50 g/ml or 20 g/ml respectively. Positive and negative control cultures received 1 μg/ml 

anti-CD3 antibody or no antigen, respectively.
 
Following incubation for 72 h at 37 °C in 

5 % carbon dioxide,
 
supernatants were collected and immediately frozen at –80°C

 
for 

subsequent determination of cytokine concentration.
 
 

 

Cytokine ELISAs 

The concentrations of cytokines in culture supernatants were determined using
 
sandwich 

ELISA kits from
 
BD Biosciences/Pharmingen (San Diego, CA) and eBioscience 

following the instructions issued
 
by the manufacturer. Briefly, for each cytokine, flat-

bottomed
 
plates (Immulon 2HB; Thermo, MA) were each coated

 
overnight at 4 °C with 

the appropriate capture antibody diluted in
 
carbonate-bicarbonate coating buffer (pH 9.5). 

Following an
 
initial wash with PBS (pH 7.2) containing 0.05% Tween 20 (PBST; Sigma), 

the plates were blocked with 10%
 
fetal calf serum (FCS) in PBS for 1 h at room 

temperature. Samples
 
or standards were then added to the wells and the plates were

 

incubated for 2 hours at RT. After incubation, the plates were washed and 100 μl of 

working detector containing biotinylated anti-mouse
 
cytokine antibody and Streptavidin-

horseradish peroxidase conjugate (HRP) was added in a one-step incubation for 1 hour. 

After 7-10 washes, the substrate solution TMB and hydrogen peroxide was added to each 

well and 30 minutes after incubation in the dark, the reaction was stopped with 2N 
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H2SO4. Absorbance was read at 450 nm using a Spectramax M2 microplate 

spectrophotometer (Molecular Devices,
 
Sunnyvale, CA) and corrected for plate 

absorbance at 570 nm. Concentrations of cytokines in the samples
 
were determined by 

interpolation from standard curves
 
calculated for each plate using appropriate amounts of 

recombinant
 
mouse cytokines. 

 

Flow cytometry and intracellular cytokine staining 

For intracellular cytokine staining, cells were stimulated with leukocyte activation 

cocktail with GolgiPlug (BD Pharmingen) at 2ul/10
6
 cells, either immediately ex vivo or, 

in the case of cultured cells, after overnight culture in fresh medium without antigen. 

After 6 hours of stimulation, cells were harvested, stained with anti-CD4 PercP Cy5.5, 

fixed, permeabilized and subsequently stained with combinations of the following 

antibodies: PE-conjugated anti-mouse IL-4, APC-conjugated anti-mouse IL-10, PE-

conjugated anti-mouse Foxp3 and FITC-conjugated anti-mouse IFN-  (BD- 

Pharmingen). The cells were then analyzed using a LSR II Optical Bench flow cytometer 

and FACSDiva software (BD Biosciences). 

 

A2A receptor agonist and inhibitor treatment 

CD4
+
 T cells from livers of infected wild type C57BL/6 mice were isolated as described 

above and incubated for 18 hours at 37°C in 5% carbon dioxide in TCM containing either 

1uM CGS21680 (agonist), 1uM ZM241385 (inhibitor) or 1uM of both. After washing, 

CD4
+
 cells were

 
then cultured with CD11c

+
 splenic dendritic cells from non-infected 

C57BL/6 mice in the presence of 50 g/ml SWAP or 20ug/ml SEA. Following incubation 
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for 72 h at 37°C in 5% carbon dioxide,
 
supernatants were collected and immediately 

frozen at –80°C
 
for subsequent determination of cytokine concentration.

 
 

 

Histology and fibrosis  

Liver samples were fixed in 4 % neutral-buffered formalin and embedded in paraffin for 

sectioning. Liver sections were stained with picro-sirius red and evaluated under both 

bright field illumination and crossed polarizing filters.  Using Sigma Scan Pro version 5, 

the area of the collagen fibers seen in a field of 200x magnification was determined.  An 

arbitrary unit was given to the area: 10000 pixels equal 1 unit and the fiber count is 

reported as an average of the units. 

 

Statistical analysis 

Because data frequently exhibited unequal variance between experimental groups, 

differences between variables were evaluated by nonparametric unpaired t test utilizing 

Welch’s correction in GraphPad Prism software version 4.0. P < 0.05 were considered 

significant. All experiments were performed at least twice with similar results. 
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Results 

 

Production of IL-10 by hepatic CD4
+
 T cells during pre-patent schistosome infection 

To obtain data that would be most representative of cytokine production by CD4
+
 

T cells in vivo, we analyzed cytokine gene transcription by CD4
+
 cells isolated by 

magnetic cell sorting from wild type mice at weekly intervals during the first 4 weeks of 

infection. Following infection by exposure of the tail skin to cercariae, CD4
+
 cells were 

isolated at weekly intervals from nodes draining the site of infection (medial iliac and 

sacral LN), from nodes draining tissues that the migrating parasites traverse 

(tracheobronchial and mesenteric LN), and from the spleen and liver, as well as from a 

lymph node that is not associated with the migratory route of the schistosomula (inguinal 

LN). Transcript levels of IFN- , IL-4 and IL-10 were quantified by real-time PCR and 

compared to the levels detected in CD4
+
 cells isolated from the same anatomic locations 

in non-infected mice. Consistent with reports by others (Angeli et al., 2001; Hogg et al., 

2003a; Hogg et al., 2003b) , evidence of a mixed response characterized by transient 

expression of IFN- , IL-4 and IL-10 by CD4
+
 cells was observed in nodes draining the 

site of infection one week post exposure, which then diminished by week 2 (Fig. 3A). 

Unexpectedly, in the other locations analyzed throughout the course of the infection, 

IFN-  transcript levels in CD4
+
 cells did not show any elevation above the levels detected 

in cells from non-infected animals (Fig. 3A). Comparable results were also obtained for 

IL-4 (Fig. 3A). However, beginning at week 1 post infection and coincident with the 

arrival of migrating parasites in the portal system, hepatic CD4
+
 cells exhibited a 

dramatic increase in the expression of IL-10, in excess of 50-fold higher than the levels 



 19 

found in hepatic CD4
+
 cells isolated from non-infected mice (Fig. 3A). High levels of IL-

10 transcript were sustained through the following weeks, reaching a peak in excess of 

200-fold relative to non-infected levels by week 4 post infection (Fig. 3A).  

 To determine whether the relative abundance of IL-10 and IFN-  transcripts in 

hepatic CD4
+
 cells was reflected in the production of these two proteins by hepatic CD4

+
 

cells, CD4
+
 cells were isolated by magnetic cell sorting from the livers of infected mice at 

4 weeks post infection and their production of IFN-  and IL-10 measured upon re-

stimulation in vitro with dendritic cells and SWAP. In agreement with the relative 

abundance of the two cytokine transcripts, isolated hepatic CD4
+
 from infected animals 

elaborated approximately 40-fold more IL-10 in response to SWAP than cells from non-

infected animals, while levels of IFN-  production by these cells were less than two-fold 

higher than the background levels of IFN-  detected in this assay (Fig. 3B). Similar 

results were obtained when hepatic CD4
+
 T cells were isolated by flow cytometric cell 

sorting to exclude CD4
+
 myeloid and NKT cells (Fig. 3C), indicating that these cell types 

are not a major source of IL-10 when cells are isolated by magnetic methods. Thus CD4
+
 

T cells isolated from the site of antigen deposition during pre-patent schistosome 

infection predominantly produced IL-10 rather than IFN-  or IL-4.  

 

Hepatic IL-10-producing CD4
+
 T cells are predominantly Foxp3-negative 

 To determine if IL-10-producing CD4
+
 T cells are Foxp3-positive regulatory T 

cells (Treg), CD4
+
 T cells were isolated from the livers of infected mice by flow 

cytometry, co-cultured with antigen and dendritic cells for 3 days and then analyzed for 

IL-10 and Foxp3 expression by flow cytometry. This analysis revealed that the majority 
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of IL-10-producing CD4
+
 T cells elicited by either SWAP or anti-CD3 stimulation were 

Foxp3-negative (Fig. 4). Because there is evidence that Th1 CD4
+
 T cells can constitute 

an important source of IL-10 during the response to infectious agents (Jankovic et al., 

2007) and the response to schistosome worms had previously been characterized as a Th1 

response (Pearce and MacDonald, 2002), we analyzed hepatic CD4
+
 T cells for 

simultaneous production of IL-10 and IFN- . This analysis revealed that SWAP 

stimulation primarily induced IL-10 production and not IFN-  production by hepatic 

CD4
+
 T cells, and that hepatic CD4

+
 T cells predominantly produced either one cytokine 

or the other, while only a minor proportion produced both IL-10 and IFN-  (Fig. 4). 

 

IL-10 regulates IFN-  production but not IL-4 production by hepatic and splenic CD4
+
 T 

cells during pre-patent schistosome infection 

Because IL-10 plays a central role in the regulation of IFN-  production by Th1 

cells, we hypothesized that IL-10 regulates IFN-  production by CD4
+
 T cells during pre-

patent schistosome infection. To test this hypothesis, we assessed the IFN-  response of 

hepatic CD4
+
 T cells to worm antigens in IL-10

-/-
 mice and wild type mice at 4 weeks 

post-infection. Upon stimulation with SWAP and wild type dendritic cells, hepatic CD4
+
 

T cells from infected IL-10
-/-

 mice produced high levels of IFN-  as compared to CD4
+
 T 

cells from wild type mice (Fig. 5A), suggesting that IL-10 regulates IFN-  production by 

CD4
+
 T cells in response to schistosome worm antigens. In contrast, hepatic CD4

+
 T cells 

from wild type and IL-10
-/-

 mice produced comparable levels of IL-4 in response to 

SWAP (Fig. 5A), suggesting that IL-10 does not regulate Th2 responses to schistosome 

worms.  Finally, we also measured IL-10 levels in co-cultures of wild type dendritic cells 
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and IL-10
-/-

 CD4
+
 T cells, to determine whether dendritic cells contributed to the level of 

IL-10 detected in the supernatant. Only background levels of IL-10 were detected (Fig. 

5A), demonstrating that the IL-10 produced in these co-cultures is of CD4
+
 T cell origin. 

Previous analyses of CD4
+
 T cell responses to the early stages of schistosome 

infection have relied on in vitro recall responses to worm antigens by unfractionated 

splenocyte populations to examine effector T cell phenotype. These analyses have mostly 

reported low levels of IFN-  production by splenocyte cultures and have led to the 

characterization of the CD4
+
 T cell response at this stage of infection as a modest Th1 

response. Because we did not find consistently elevated levels of IFN-  transcript in 

splenic CD4
+
 T cells immediately ex vivo (Fig. 3A), we hypothesized that splenic CD4

+
 

T cells do not express IFN-  in vivo but can be induced to do so in vitro upon stimulation 

with antigen. Alternatively, production of IFN-  by other cells such as CD8
+
 T cells 

might account for the discrepancy between our data and those previously published. To 

discriminate between these possibilities, we isolated splenic CD4
+
 T cells and tested their 

ability to produce IFN-  and other cytokines when stimulated in vitro with SWAP and 

dendritic cells. In agreement with previously published results, and in stark contrast to 

hepatic CD4
+
 T cells, splenic CD4

+
 T cells from wild type mice produced high levels of 

IFN-  in vitro (Fig. 5B). However, in parallel with hepatic CD4
+
 T cells, IL-10 appeared 

to be critical for regulating this IFN-  production, as CD4
+
 T cells from infected IL-10

-/-
 

mice produced threefold more IFN-  in response to worm antigens than did CD4
+
 T cells 

from infected wild type mice (Fig. 5B). Interestingly, splenic CD4
+
 T cells from infected 

animals also produced low levels of IL-4 in response to worm antigens but this was not 

regulated by IL-10, as CD4
+
 T cells from wild type and IL-10

-/-
 mice produced similar 
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levels of IL-4 (Fig. 5B). Consistent with a role for IL-10 in regulating IFN-  production 

by CD4
+
 T cells in the spleen, wild type splenic CD4

+
 T cells readily produced IL-10 

upon restimulation with antigen and dendritic cells in vitro (Fig 3B). Thus, while 

expression of IFN-  and IL-10 message by splenic CD4
+
 T cells was barely detectable 

immediately ex vivo (Fig. 3A), these cells readily produced both cytokines upon 

restimulation in vitro (Fig. 5B), suggesting that primed CD4
+
 T cells with specificity for 

schistosome worm antigens reside in the spleen but, in contrast to hepatic CD4
+
 T cells, 

do not actively produce either cytokine in vivo. 

 

Vaccination overcomes regulation of IFN-  production by hepatic CD4
+
 T cells during 

pre-patent schistosome infection 

Previous studies have shown that vaccination of experimental animals by 

exposure to radiation-attenuated cercariae induces immunity to subsequent challenge 

with non-irradiated cercariae (Hewitson et al., 2005). Furthermore, there is clear evidence 

that this irradiated cercaria vaccine, in contrast to non-irradiated cercariae, induces a 

vigorous Th1 response to worm antigens that mediates protection to subsequent 

challenge, by activating macrophages to kill migrating schistosomula (James et al., 

1984). We therefore hypothesized that differential induction of IL-10 by non-irradiated 

and irradiated parasites might account for the difference in the magnitude of the Th1 

response to each – substantial IL-10 production in the former preventing development of 

an effective Th1 response, and diminished production in the latter allowing for 

development of a vigorous and protective Th1 response. To test this hypothesis, we 

examined IFN-  and IL-10 production by CD4
+
 T cells from infected animals that either 



 23 

had or had not been vaccinated previously.  Hepatic CD4
+
 T cells from vaccinated mice 

produced very high levels of IFN-  (Fig. 5C) while, as noted previously (Fig. 3), cells 

from animals that had not been vaccinated did not produce IFN-  (Fig. 5C). However, 

hepatic CD4
+
 T cells from vaccinated and non-vaccinated mice produced comparable 

levels of IL-10 (Fig. 5C) suggesting that, while vaccination facilitates expression of IFN-

, this is not because IL-10 expression is inhibited as a result of vaccination. Rather, 

vaccination appears to overcome the inhibitory effects if IL-10, allowing IFN-  to be 

expressed despite production of IL-10. 

 

Adenosine signaling through A2AR regulates cytokine expression by hepatic CD4
+
 T 

cells during pre-patent schistosome infection 

As IL-10 plays a significant regulatory role in the CD4
+
 T cell response to 

schistosome antigens during pre-patent infection (Fig. 5A and 5B), we investigated 

whether other regulatory mechanisms also influence this response. Recently, adenosine 

signaling through the A2A receptor was shown to play a significant role in regulating the 

production of IFN-  by T cells, particularly in the liver (Yang et al., 2006). We therefore 

examined schistosome-induced hepatic CD4
+
 T cell responses in A2AR

-/-
 mice. When 

cytokine mRNA levels in CD4
+
 T cells from 4 week-infected mice were determined, cells 

from A2AR
-/-

 mice contained significantly higher levels of IFN-  and IL-4 transcripts 

than cells from wild type mice, while IL-10 transcript levels were similar (Fig. 6A), 

suggesting that expression of both Th1 and Th2 cytokines are regulated by A2AR 

expression. To evaluate whether this dysregulation extended to the production of 

cytokine protein, hepatic A2AR
-/-

 CD4
+
 T cells were stimulated in vitro with schistosome 
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antigens and wild type dendritic cells. A2AR
-/-

 CD4
+
 T cells produced more IFN-  than 

wild type cells stimulated under identical conditions, while production of IL-4 and IL-10 

were similar (Fig. 6B), suggesting that dysregulation due to loss of A2AR predominantly 

affected production of IFN-  at the protein level. Because A2AR signaling has been 

implicated in the inhibition of IL-12 production by antigen-presenting cells, we 

investigated whether the increased propensity of A2AR
-/-

 CD4
+
 T cells to produce IFN-  

was due to induction of higher IL-12 levels by schistosome infection in A2AR
-/-

 mice. 

However, no differences in IL-12 transcript levels in livers of infected wild type and 

A2AR
-/-

 mice were detected (Fig. 6C). To directly test whether A2AR
-/-

 dendritic cells 

stimulate higher levels of IFN-  production by CD4
+
 T cells primed by schistosome 

infection, hepatic CD4
+
 T cells were isolated from infected wild type mice and stimulated 

in vitro with either wild type or A2AR
-/-

 dendritic cells. Regardless of the source of the 

dendritic cells, wild type CD4
+
 T cells produced similar levels of IFN- , IL-4 and IL-10 

(Fig. 6D), suggesting that the increased IFN-  production by A2AR
-/-

 CD4
+
 T cells is due 

to dysregulation of cytokine production at the level of the T cell itself, rather than due to 

loss of A2AR expression on dendritic cells.  

 

Direct modulation of hepatic CD4
+
 T cell cytokine production by A2AR signaling 

 We first examined the level of A2AR expression in hepatic CD4
+
 T cells relative 

to whole liver tissue at 4 weeks post infection. By quantitative real-time PCR, hepatic 

CD4
+
 T cells were found to express approximately ten-fold more A2AR messenger RNA 

compared to whole liver tissue (Fig. 7A), suggesting this receptor is preferentially 

expressed by CD4
+
 T cells. Furthermore, when A2AR expression by CD4

+
 T cells from 
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livers of infected and non-infected mice were compared, A2AR expression by hepatic 

CD4
+
 T cells was induced approximately sixty-fold by schistosome infection (Fig. 7B), 

suggesting that schistosome worms selectively induce A2AR expression by hepatic CD4
+
 

T cells due to increase in adenosine levels in the liver as a result of inflammatory 

responses (Deaglio et al., 2007). 

To test whether cytokine production by hepatic CD4
+
 T cells was directly 

regulated by A2AR signaling in T cells themselves, CD4
+
 T cells were isolated from the 

livers of 4 week-infected wild type mice, pre-treated with A2AR agonist, A2AR inhibitor 

or a combination of both, and then tested for their ability to make cytokines in response 

to schistosome antigens presented by non-treated dendritic cells. Consistent with the data 

from A2AR
-/-

 mice (Fig. 7B), pharmacologic inhibition of A2AR on hepatic CD4
+
 T cells 

significantly increased the production of IFN-  (Fig. 7C).  Conversely, treatment with 

A2AR agonist caused a significant decrease in IFN-  production, and treatment with both 

agonist and inhibitor resulted in an intermediate level of IFN-  production (Fig. 7C). IL-4 

production was modulated in a broadly similar but less pronounced pattern, with 

significant differences in cytokine production evident between inhibitor-treated and non-

treated cells and between agonist- and inhibitor-treated cells (Fig. 7D). Production of IL-

10 by hepatic CD4
+
 T cells was modulated in an identical manner to IFN-  by agonist, 

inhibitor and combined agonist-inhibitor treatments (Fig. 7E). 
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A2AR modulates Th2-mediated pathology during patent schistosome infection 

The data in Figs. 6 and 7 suggest that, in a regulatory immunological milieu, 

A2AR signaling in hepatic CD4
+
 T cells primarily modulates production of IFN- . To 

test whether A2AR signaling can also modulate Th2 responses, we assessed the role of 

A2AR signaling in schistosome egg-induced liver fibrosis, a Th2-mediated process in 

which IL-13 plays a central role in the stimulation of fibrosis. To assess the extent of 

fibrosis, sections of liver tissue from wild type and A2AR
-/-

 mice were compared by 

staining with picrosirius red, a substance that specifically stains collagen fibers.  Tissue 

from non-infected wild type (Fig. 8A) and A2AR
-/- 

mice (Fig. 8B) stained minimally with 

picrosirius red, revealing a normal amount of collagen in non-infected animals of both 

strains. After 8 weeks infection with S. mansoni, both strains exhibited substantial 

amounts of collagen in the liver, in association with egg-induced granulomas (Fig. 8C, 

8D). When viewed under bright-field illumination, livers of infected A2AR
-/-

 mice (Fig. 

8D) contained more red-staining collagen than livers of wild type mice (Fig. 8C). When 

picrosirius red-stained liver sections from infected animals were examined through 

crossed polarizing filters, A2AR
-/-

 mice again displayed greater amounts of birefringent 

collagen fibers (Fig. 8F) than wild type mice (Fig. 8E). Quantitation of collagen levels 

from digital micrographs revealed that the increased level of fibrosis in A2AR
-/-

 mouse 

livers was statistically significant (P = 0.0009; Fig. 8G). Thus, loss of A2AR expression 

led to exacerbated egg-induced fibrosis. 
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A2AR expression modulates production of type 2 cytokines by CD4
+
 T cells 

To determine whether the exacerbated fibrosis observed in infected A2AR
-/-

 mice 

was due to dysregulation of type 2 cytokine production by CD4
+
 T cells, CD4

+
 T cell 

responses were assessed by examining cytokine gene expression and synthesis 

immediately ex vivo by real-time PCR and intracellular cytokine staining. At 8 weeks 

post infection, real-time PCR analysis of cytokine transcript levels in purified splenic 

A2AR
-/-

 CD4
+
 T cells immediately ex vivo revealed significant increases in IFN- , IL-4, 

IL-10 and IL-13 gene expression when compared to CD4
+
 T cells from wild type mice 

(Fig. 9A), while IL-5 expression was similar in both genotypes.  Likewise, when cytokine 

synthesis by CD4
+
 T cells was assessed immediately ex vivo by intracellular cytokine 

staining, increases in the number of cells producing IFN- , IL-4 and IL-10 were detected 

in A2AR
-/-

 mice compared to wild type mice (Fig. 9B), and the mean fluorescence 

intensity of the cytokine-producing A2AR
-/-

 cells was higher for IL-4 and IL-10 when 

compared to wild type (Fig. 9B), suggesting that production of these cytokines was 

elevated.  We also assessed cytokine production by wild type and A2AR
-/-

 CD4
+
 T cells 

by examining in vitro recall responses to schistosome egg antigens. When restimulated in 

vitro with wild type dendritic cells and SEA, splenic CD4
+
 T cells from A2AR

-/-
 mice 

showed a modest but significant increase in the recall IFN-  response compared to cells 

from wild type animals, while recall responses of the type 2 cytokines IL-4, IL-5 and IL-

13, and the regulatory cytokine IL-10 were not significantly altered in this assay (Fig. 

9C). Thus, A2AR-mediated modulation of type 2 cytokine production by CD4
+
 T cells 

was evident when responses were assessed immediately ex vivo, but not upon 

restimulation with antigen in vitro. 
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Direct A2AR-mediated modulation of type 2 cytokine production by CD4
+
 T cells 

To determine whether A2AR signaling in Th2 cells can directly modulate 

production of type 2 cytokines, we first assessed the expression of A2AR by splenic 

CD4
+
 T cells. At 8 weeks post infection, splenic CD4

+
 T cells from wild type mice 

expressed levels of A2AR mRNA that were comparable to those expressed by hepatic 

CD4
+
 T cells at 4 weeks post infection (Fig. 10A). Thus schistosome infection caused 

induction of A2AR expression on splenic CD4
+
 T cells by 8 weeks post infection. Next, 

we assessed the responsiveness of splenic CD4
+
 T cells to A2AR agonist and inhibitor in 

vitro. When stimulated with egg antigens, pre-treatment with agonist or inhibitor caused 

significant reduction or enhancement of IFN-  production, respectively, while pre-

treatment with both agonist and inhibitor produced an intermediate effect (Fig. 10B). For 

type 2 cytokines, pre-treatment with inhibitor produced modest but significant increases 

in IL-4 (Fig. 10C), IL-10 (Fig. 10D) and IL-13 (Fig. 10E) production when compared to 

cells treated with agonist. However, when compared to non-treated cells, these increases 

were only significant for IL-4 (Fig. 10C) and IL-10 (Fig. 10D) and not for IL-13 (Fig. 

10E). Furthermore, in contrast to IFN-  production, treatment with agonist did not 

modulate production of IL-4, IL-10 or IL-13 compared to untreated cells (Fig. 10C-E). 

Taken together, our results show that type 2 cytokine production by CD4
+
 T cells can be 

directly modulated by A2AR signaling in vitro, but that this modulation is less 

pronounced than the modulation of IFN-  production. 
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Discussion 

 Previous studies have shown that the early, pre-patent phase of schistosome 

infection is characterized by a modest and transient systemic Th1 response to worm 

antigens that is subsequently replaced at 6 weeks post infection by a dominant Th2 

response to egg antigens (Pearce et al., 1991; Pearce and MacDonald, 2002). The data we 

present here provide an explanation for the absence of robust responses to schistosome 

worms during a primary infection, as we show that infection with cercariae rapidly 

establishes a systemic regulatory CD4
+
 T cell response (Fig. 3) that strongly modulates 

concomitant pro-inflammatory responses to worm antigens (Fig. 5). Indeed, our data 

suggest that, by 4 weeks post infection, IL-10 is the predominant cytokine made by CD4
+
 

T cells in vivo (Fig. 3A). In demonstrating the establishment of a systemic regulatory 

response, our results are in agreement with previously published studies which showed 

that schistosome larvae induce local expression of IL-10 in the skin at the site of infection 

(Angeli et al., 2001; Hogg et al., 2003a; Hogg et al., 2003b). Several potential 

mechanisms by which schistosomula induce IL-10 expression have been proposed, 

including the production of parasite-derived prostaglandins (Ramaswamy et al., 2000) 

and proteins with anti-inflammatory properties (Rao and Ramaswamy, 2000). Here we 

show that the IL-10 response to larval schistosomes rapidly extends to the liver, 

coincident with the arrival of the migrating larvae in the portal circulation one week post 

infection (Fig. 3A)(Georgi et al., 1986). The rapid and widespread induction of IL-10 by 

schistosome larvae may contribute to the inability of the immune system to mediate 

protection against incoming schistosomula. Indeed, IL-10 has been shown to play an 
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important role in inhibiting IL-12-mediated priming of protective Th1 responses to 

schistosome antigens (Hogg et al., 2003b). 

 Previous studies on the later stages of schistosome infection have shown that 

CD4
+
 CD25

+
 Foxp3

+
 regulatory T cells are an important source of the IL-10 produced in 

response to egg antigens (McKee and Pearce, 2004). However, our data suggest that the 

hepatic IL-10-producing CD4
+
 T cells induced by schistosome worms do not express 

Foxp3 (Fig. 4) or CD25 (data not shown). Indeed, the liver contains relatively few 

Foxp3
+
 CD4

+
 T cells, comprising less than one percent of the total CD4

+
 T cell 

population (Fig. 4). Rather, our data suggest that schistosome worm-induced IL-10 

producers represent a population of inducible regulatory T cells similar to Tr1 or Th3 

cells (Mills and McGuirk, 2004). Alternatively, schistosome worm-induced IL-10-

producing CD4
+
 T cells may represent a population of IL-10-expressing Th1 cells, 

similar to those induced by other parasites such as Toxoplasma (Jankovic et al., 2007) 

and Leishmania (Anderson et al., 2007; Nylen et al., 2007). However, only a minority of 

the hepatic IL-10-producing cells elicited by schistosome worms simultaneously 

expressed IFN- , while the majority expressed IL-10 alone (Fig. 4). Thus the relationship 

of these cells to IL-10-producing Th1 cells remains unclear. 

 Consistent with previously published results on cercaria-infected skin (Hogg et 

al., 2003b), worm-induced IL-10 played a significant role in suppressing concomitant 

Th1 responses, as hepatic CD4
+
 T cells from IL-10

-/-
 mice exhibited high levels of IFN-  

production (Fig. 5A). In contrast, IL-10 had little effect on the low levels of IL-4 

produced by hepatic CD4
+
 T cells at 4 weeks post infection (Fig. 5A). Similar IL-10-

mediated regulation of IFN-  production by CD4
+
 T cells was evident in the spleens of 
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infected mice at 4 weeks post infection (Fig 5B). However, in contrast to hepatic CD4
+
 T 

cells, splenic CD4
+
 T cells did not express detectable levels of IL-10 mRNA immediately 

ex vivo (Fig. 3A), suggesting this cytokine is not made in vivo but can be elicited by 

subsequent stimulation with schistosome antigens in vitro. Thus our data suggest that at 4 

weeks post infection, the spleen contains primed schistosome-specific CD4
+
 T cells that 

can produce IL-10 on encountering antigen but, in contrast to hepatic CD4
+
 T cells, do 

not express IL-10 in vivo. The relative abundance of secreted and excreted worm antigens 

in the liver (Homewood et al., 1972; Stenger et al., 1967) compared to the spleen during 

early infection may account for this difference in T cell cytokine expression. 

 Previously published data have shown that vaccination with irradiated 

schistosome cercariae induces robust Th1 responses that mediate protection against 

subsequent challenge with non-irradiated cercariae (James et al., 1987). Because our data 

show that primary infection with normal cercariae induces significant levels of IL-10 that 

modulate IFN-  production, we questioned whether vaccination resulted in robust Th1 

responses because exposure to irradiated cercariae interferes with the ability of 

vaccinated mice to produce IL-10 upon challenge. However, our results clearly show that 

vaccinated mice produce high levels of both IFN-  and IL-10 upon challenge (Fig. 5C). 

Thus, vaccination appears to release schistosome worm-induced Th1 responses from 

regulation by IL-10, even though the IL-10 response to schistosome larvae remains intact. 

 Because early Th cell responses to schistosome larvae in the liver appear to be 

heavily regulated by IL-10, we explored whether other regulatory mechanisms may also 

be involved in modulating CD4
+
 T cell responses to schistosome infection. One 

regulatory mechanism of considerable importance in the liver which has not been 
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evaluated in the context of schistosome infection is the anti-inflammatory effects of 

adenosine signaling through the A2AR. A2AR signaling modulates Th1 responses by two 

mechanisms. First, engagement of A2AR on dendritic cells reduces IL-12 production 

(Hasko and Cronstein, 2004), leading to reduced IFN-  production by CD4
+
 T cells. 

Second, activation of A2ARs on CD4
+
 T cells themselves appears to modulate IFN-  

production, as was recently shown in a model of ischaemia-reperfusion injury (Yang et 

al., 2006). Our data clearly demonstrate that A2AR signaling also modulates IFN-  

production during schistosome infection, both during the early regulatory response to 

worm antigens and during the later Th2 response to egg antigens. Furthermore, our data 

suggest this modulation is likely accomplished by the direct activation of A2AR on CD4
+
 

T cells, as evidenced by the responsiveness of IFN-  production by CD4
+
 T cells to 

A2AR agonists and inhibitors. Interestingly, production of IL-4, IL-13 and IL-10 by 

CD4
+
 T cells during helminth infection was also modulated by A2AR signaling. 

However, in contrast to IFN-  production, modulation of Th2 and regulatory cytokine 

production was most evident in CD4
+
 T cells immediately ex vivo and was less 

pronounced upon restimulation with antigen in vitro, even after treatment with A2AR 

agonists and inhibitors. These differences suggest that modulation of Th2 and regulatory 

cytokines by A2AR is achieved by different mechanisms than Th1 cytokines, such as 

through activation of A2AR on antigen-presenting cells. 

Contrary to expectations, our data show that Th2 cytokine production was 

augmented in the absence of A2AR signaling. Indeed, we found no evidence of a 

reciprocal decrease in Th2 cytokine expression in the face of elevated Th1 cytokine 

production. Importantly, loss of A2AR expression exacerbated levels of schistosome egg-
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induced fibrosis – a Th2-mediated pathology primarily driven by production of IL-13 

(Wynn, 2004; Wynn et al., 2004). Thus A2AR signaling appears to play an important and 

non-redundant role in the modulation of Th2 responses and their associated pathology, at 

least during schistosome infection, and argue that stimulation of A2AR signaling rather 

than its inhibition would be of greater benefit in alleviating the fibrosis associated with 

this debilitating and neglected tropical disease. 
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Figure 1:  Hepatic CD4
+
 T cells express IL-10 during early S. mansoni infection. 

A) CD4
+
 T cells from lymph nodes, spleens and livers of infected WT mice at different 

time points (1-4 weeks), were isolated by MACS separation columns and cytokine 

mRNA levels from extracted RNA was measured by Real-time PCR. Fold expression of 

IFN- , IL-4 and IL-10 cytokines was normalized to mRNA cytokine levels from 

uninfected mice. B) Hepatic CD4
+
 T cells isolated by MACS separation columns from 

livers of non-infected WT mice and 4 weeks infected WT mice were co-cultured with 

splenic dendritic cells from non-infected WT mice at a ratio of 1:10 (0.5x10
6
 T cells: 

50,000 DC’s) and stimulated ( ) or not stimulated ( ) with S. mansoni worm antigen 

(Sm Ag;SWAP) for 3 days. IFN-  and IL-10 cytokine protein levels from supernatants of 

infected, non-infected and DC’s cultured alone (250,000 DC’s), were measured by 

ELISA. C)  Hepatic CD4
+
 T cells isolated by FACS cell sorter from livers of non-

infected WT mice and 4 weeks infected WT mice were co-cultured with splenic dendritic 

cells from non-infected WT mice at a ratio of 1:10 (0.5x10
6
 T cells: 50,000 DC’s) and 

stimulated ( ) or not stimulated ( ) with S. mansoni worm antigen (Sm Ag;SWAP) for 3 

days. IFN-  and IL-10 cytokine protein levels from supernatants were measured by 

ELISA. 
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Figure 2:  Hepatic CD4
+
 T cells express IL-10 in early infection and are not Foxp3

+
. 

Hepatic CD4
+
 T cells from livers of 4 weeks infected WT mice were stained with CD4

+
 

PercP Cy5.5 and with NK1.1 PE for NKT cells and also other markers (CD8, B220, 

CD11c and CD11b). CD4
+ 

T cells that stained only with  PercP Cy5.5 were collected by 

a FACS cell sorter, co-cultured with splenic dendritic cells from non-infected WT mice at 

a ratio of 1:10 (0.5x10
6
 T cells: 50,000 DC’s) and non-stimulated, stimulated with SWAP 

or anti-CD3 for 3 days. Cultured cells were rested over night, and stimulated with 

leukocyte activation cocktail for 6 hrs.  Cells from non-stimulated, stimulated with 

SWAP, or stimulated with anti-CD3 positive control, were harvested, stained with anti-

CD4 PercP Cy5.5, fixed, permeabilized and stained with APC-conjugated anti-mouse IL-

10, PE-conjugated anti-mouse Foxp3 and FITC-conjugated anti-mouse IFN- . Cells were 

analyzed using a LSR II Optical Bench flow cytometer. Numbers are percentages of total 

gated CD4
+
 T cells. Results were representative of two separate experiments. 
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Figure 3:  Regulatory response in early S. mansoni infection inhibits IFN-  production. 

A) Hepatic and B) splenic CD4
+
 T cells from 4 weeks infected WT and IL-10

-/-
 mice 

were isolated by MACS separation columns. Cells were co-cultured with splenic 

dendritic cells from non-infected WT mice at a ratio of 1:10 (2x10
6
 T cells/ml:200,000 

DC’s) and stimulated with SWAP ( ) or not stimulated ( ) for 3 days. IFN- , IL-4, and 

IL-10 cytokine protein levels were measured by ELISA.  C) Hepatic CD4
+
 T cells from 4 

weeks infected WT or 3x vaccinated mice were isolated by MACS separation columns 

and co-cultured with splenic dendritic cells from non-infected WT mice at a ratio of 1:10 

(0.5x10
6
 T cells: 50,000 DC’s) and stimulated with SWAP ( ) or not-stimulated ( ) for 

3 days. IFN-  and IL-10 cytokine protein levels were measured by ELISA. 
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Figure 4:  Adenosine signaling through the A2A receptor regulates IFN-  during early 

S.mansoni infection. A) Hepatic CD4
+
 T cells from 4 weeks infected WT and A2AR

-/-
 

mice were isolated by MACS separation columns and cytokine mRNA levels from 

extracted RNA was measured by Real-time PCR. Fold expression of IFN- , IL-4 and IL-

10 cytokines was normalized to mRNA cytokine levels from infected WT mice. B) 

Hepatic CD4
+
 T cells from 4 weeks infected WT and A2AR

-/-
 mice were isolated by 

MACS separation columns and co-cultured with splenic dendritic cells from non-infected 

WT mice at a ratio of 1:10 (0.5x10
6
 T cells: 50,000 DC’s) and stimulated with SWAP( )  

or not stimulated ( ) for 3 days. IFN- , IL-4 and IL-10 cytokine protein levels were 

measured by ELISA. C) RNA from whole liver tissues of 4 weeks infected WT and 

A2AR
-/-

 mice were extracted and cytokine mRNA levels was measured by Real-time 

PCR. Fold expression of IL-12 cytokine from A2AR
-/-

 mice was normalized to mRNA 

cytokine levels from infected WT mice. n = 3 for each group. D) Isolated hepatic CD4
+
 T 

cells from 4 weeks infected WT mice co-cultured with either splenic dendritic cells from 

non-infected WT mice or splenic dendritic cells from non-infected A2AR
-/-

 mice (0.5x10
6
 

T cells: 50,000 DC’s). Cultured cells were stimulated with SWAP ( ) or not stimulated 

( ) for 3 days and IFN- , IL-4 and IL-10 cytokine protein levels were measured by 

ELISA.  
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Figure 5:  Signaling through the A2A receptor directly affects CD4
+
 T cell responses in 

early S. mansoni infection. A) RNA from hepatic CD4
+
 T cells of 4 weeks infected WT 

mice were extracted and A2AR mRNA levels was measured by Real-time PCR. Fold 

expression of A2AR was normalized to A2AR mRNA levels from whole liver tissues of 

4 weeks infected WT mice. B) A2AR mRNA levels from hepatic CD4
+
 T cells of 4 

weeks infected WT mice was measured by Real-time PCR, and fold expression was 

normalized to A2AR mRNA levels from hepatic CD4
+
 T cells of non-infected WT mice. 

Hepatic CD4
+
 T cells from 4 weeks infected C57 BL/6 WT mice were isolated and 

incubated for 18 hrs treated with either 1 uM A2AR Agonist (CGS), 1 uM A2AR 

Inhibitor (ZM), 1 uM Agonist + 1 uM Inhibitor, or not treated. Cells were then co-

cultured with splenic dendritic cells from non-infected WT mice (1x10
6
 T cells:100,000 

DC’s) and stimulated with SWAP for 3 days. C) IFN- , D) IL-4 and E) IL-10 protein 

levels were measured by ELISA. 
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Figure 6:  S. mansoni egg-induced pathology is increased by loss of A2A receptor 

signaling. Liver sections from WT mice (A,C,E) and A2AR
-/-

 mice (B,D,F) were stained 

with picrosirius red. A and B are sections from non-infected mice. C and D are sections 

from mice that were infected for 8 weeks. E and F are sections from mice that were 

infected for 8 weeks and viewed under crossed polarizing filters. G) Quantitative levels 

of collagen from digital micrographs of stained liver sections from 8 weeks infected WT 

and A2AR
-/-

 mice.  
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Figure 7:  A2A receptor modulates Th2 responses during patent S. mansoni infection. 

A) Splenic CD4
+
 T cells from 8 weeks infected WT and A2AR

-/-
 mice were isolated by 

MACS separation columns and cytokine mRNA levels from extracted RNA was 

measured by Real-time PCR. Fold expression of IFN- , IL-4, IL-5, IL-10 and IL-13 

cytokines was normalized to mRNA cytokine levels from infected WT mice.  

B) Splenocytes from 8 weeks infected WT and A2AR
-/-

 mice were stimulated for 4 hours 

with anti-CD3 and then treated with BD GolgiStop for 2 hours. Cells were harvested, 

stained with anti-CD4 PercP Cy5.5, fixed, permeabilized and stained with FITC-

conjugated anti-mouse IFN- , PE-conjugated anti-mouse IL-4 and APC-conjugated anti-

mouse IL-10. Cells were analyzed using a LSR II Optical Bench flow cytometer. 

Numbers are percentages of total gated CD4
+
 T cells and numbers in parenthesis 

represent the Mean Fluorescence Intensity (MFI) of those cells. C) Splenic CD4
+
 T cells 

from 8 weeks infected WT and A2AR
-/-

 mice were isolated by MACS separation columns 

and co-cultured with splenic dendritic cells from non-infected WT mice at a ratio of 1:10 

(4 x10
6
 T cells: 400,000 DC’s) and stimulated with SEA ( ) or not stimulated ( ) for 3 

days. IFN- , IL-4, IL-5, IL-10 and IL-13 cytokine protein levels were measured by 

ELISA. 
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Figure 8:  Direct regulation of CD4
+
 T cell cytokine production by A2A receptor during 

Th2 responses. A) RNA from splenic CD4
+
 T cells of 8 weeks infected WT mice were 

extracted and A2AR mRNA levels was measured by Real-time PCR. Fold expression of 

A2AR was normalized to A2AR mRNA levels from hepatic CD4
+
 T cells of 4 weeks 

infected WT mice. Splenic CD4
+
 T cells from 8 weeks infected C57 BL/6 WT mice were 

isolated and incubated for 18 hrs treated with either 1 uM A2AR Agonist (CGS), 1 uM 

A2AR Inhibitor (ZM), 1 uM Agonist + 1 uM Inhibitor, or not treated. Cells were then co-

cultured with splenic dendritic cells from non-infected WT mice (2x10
6
 T cells : 200,000 

DC’s) and stimulated with SEA for 3 days. B) IFN- , C) IL-4, D) IL-10 and E) IL-13 

protein levels were measured by ELISA. 
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Chapter 2 

Role of primed schistosome-specific CD4
+
 T cells on the growth and 

development of Schistosoma mansoni worms in early infection 
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Introduction 

 
Exploitation of the host by parasites is a well-recognized but poorly understood 

phenomenon. The co-existence of intricate host immune responses and parasite immune 

evasion mechanisms in host-parasite relationships is widely regarded as evidence of 

extensive co-evolution of parasites and their hosts over extended periods of evolutionary 

time. Indeed, mechanisms that allow parasites to evade vigorous host immune responses 

which would otherwise result in parasite elimination are a hallmark of parasite survival. 

Further complexity is evident in some parasite-host relationships, where parasites 

actively co-opt the host immune system for their own survival. This is the case with 

parasitic trematodes of the genus Schistosoma, also known as blood flukes. Previous 

studies have shown that the host’s adaptive immune system is needed for S. mansoni 

growth and development (Amiri et al., 1992). Furthermore, it was shown in a murine 

model of S. mansoni infection that CD4
+
 T cells were critical for allowing parasite 

growth and development to proceed, since reconstitution of Recombination Activating 

Gene deficient (RAG
-/-

) mice, which lack all T and B lymphocytes, with CD4
+
 T cells 

alone was sufficient to restore normal parasite development and egg production (Davies 

et al., 2001).  

Paradoxically, several lines of evidence from human patients (Karanja et al., 

2002) and laboratory animal studies (Hewitson et al., 2005) indicate that CD4
+
 T cell 

responses to parasite antigens can also mediate significant levels of protection against 

schistosome infection. In animal models, this has been repeatedly shown in vaccination 

studies whereby S. mansoni cerceriae, the infective stage of the parasite, are irradiated to 

disrupt them by impairing the neuromuscular function in developing schistosomula and 
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slowing their migration through the host (Harrop and Wilson, 1993). The slow migration 

leads to a vigorous IFN-  (Smythies et al., 1992) response by CD4
+
 T (Vignali et al., 

1989) cells that is protective against a subsequent infection with normal S. mansoni 

cerceriae. This protection reaches its highest level after 4-6 weeks post-infection with 

irradiated cerceriae, leading to a decrease of ~50-60% in worm burdens after challenge 

with normal cerceriae (Hewitson et al., 2005).   

These seemingly contradictory observations, that CD4
+
 T cells can both promote 

and inhibit schistosome infection, raise the important question of whether these properties 

of CD4
+
 T cells are linked and occur simultaneously, or whether inhibitory and growth-

promoting effects are independent or even mutually antagonistic.  In an attempt to answer 

this question, we assessed the ability of effector CD4
+
 T cells, primed to respond to 

schistosome antigens by infection or vaccination, to enhance the growth and development 

of S. mansoni worms when compared to naïve CD4
+
 T cells. We evaluated the role of 

effector CD4
+
 T cells that recognize and mount responses to foreign peptide antigens 

presented in the context of major histocompatibility complex (MHC) class II molecules, 

by examining schistosome development in an in vivo context where schistosome- specific 

effector CD4
+
 T cells are enriched and present in higher numbers. Through the evaluation 

of S. mansoni growth and development by adoptive transfer of primed CD4
+
 T cells into 

RAG
-/-

 mice, we demonstrate that these cells restore S. mansoni development to the same 

extent as naïve CD4
+
 T cells. Our data therefore provide evidence that CD4

+
 T cell 

responses to schistosome worm antigens do not interfere with the growth- and 

development-promoting abilities of CD4
+
 T cells. Further, these data suggest that the 

presence of primed, schistosome-specific CD4
+
 T cells does not facilitate schistosome 
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development to a greater extent that when only naïve cells are present. Finally, we show 

that even in vaccinated immunocompetent mice where approximately 50 % protection is 

induced, the development of the challenge parasites that survive immune elimination 

proceeds normally. Taken together, our data suggest that the facilitation of schistosome 

development by CD4
+
 T cells is unaffected by specific responses to schistosome antigens 

by these cells and that, paradoxically, CD4
+
 T cells can both facilitate schistosome 

development and simultaneously mediate protection against schistosome infection. 
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Materials and Methods 

 

 
Mice 

Wild-type C57BL/6 mice were purchased from National Cancer Institute (NCI), 

(Frederick, MD). Breeding pairs of RAG-1
/

 mice on a C57BL/6 background were 

purchased from Jackson Laboratory (Bar Harbor, ME) and bred in-house to generate 

sufficient numbers for experiments. All studies involving animals were performed in 

accordance with protocols approved by the relevant Institutional Animal Care and Use 

Committees.  

 

Schistosome infection and vaccination 

Cercariae of Schistosoma mansoni (Puerto Rican strain) were obtained from infected 

Biomphalaria glabrata snails. Mice were infected by immersion of the tail for 40 min in 

water containing 150 S. mansoni cercariae. Mice were sacrificed at 6 weeks post 

infection. For experiments where animals were vaccinated prior to infection, mice were 

first exposed to 500 S. mansoni cercariae irradiated with 50 krad from a 
60

Co source. 

Mice were then infected 4 weeks later as described and euthanized at 6 weeks post 

infection. In all experiments, groups of wild-type and RAG-1
/

 mice were exposed at the 

same time to parasites from the same cercarial pool.  
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Parasite recovery and measurement of parasitological parameters  

Parasites were recovered from the portal system by perfusion, immediately fixed in 4% 

neutral-buffered formaldehyde and photographed using a Nikon Coolpix 4500 4.0 

megapixel digital camera connected to a Vistavision trinocular dissecting microscope at 

20  magnification. Length of male parasites was determined from digital images using 

ImageJ software (http://rsb.info.nih.gov/ij). Quantitative analysis of parasite length was 

performed on male worms as male schistosomes always outnumber females in 

experimental infections and female growth is significantly influenced by pairing with 

males (Hernandez et al., 2004). Liver tissue was digested in 0.7% trypsin (50 ml) in PBS 

for 2–3 h at 37 °C and eggs were counted under a dissecting microscope.  

 

 

 

Parasite antigen preparation  

For preparation of soluble worm antigen (SWAP), adult S. mansoni worms (male and 

female) were suspended
 
in ice-cold PBS and homogenized on ice. Insoluble

 
material was 

removed by centrifugation at 13,200 x g for 45 min at 4°C, and the supernatant was filter-

sterilized. Protein concentration was determined by the Bradford assay (BioRad, 

Hercules, CA) on a Spectramax M2 micro plate spectrophotometer (Molecular Devices,
 

Sunnyvale, CA) and frozen in aliquots stored –80°C.  
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CD4
+
 T cell isolation and Cell culture    

Single-cell suspensions of leukocytes were prepared from pooled spleens or pooled livers 

of infected mice by dissociating tissues with wash medium through nylon cell strainers 

and lysing erythrocytes with ACK lysing buffer if necessary. For livers, 25 ml of 35% 

Percoll (GE Healthcare Bio-Sciences AB) was added to each liver single-cell suspension 

and centrifuged at 2000 rpm for 10 min at room RT to isolate the leukocyte pellet from 

the raft of hepatocytes. CD4
+
 T cells were isolated by positive selection using magnetic 

anti-CD4 microbeads and MACS separation columns (Miltenyi Biotech, CA) and 

following the instructions provided by the manufacturers. CD4
+
 cells  were

 
cultured in T 

cell medium (TCM; RPMI
 
1640, 10% heat-inactivated FCS, 1000 U/ml penicillin, 10 

μg/ml streptomycin, HEPES, 10mM; MEM Non-essential amino acids Solution, 10mM; 

L-glutamine, 200mM; Sodium pyruvate, 100mM; -mercaptoethanol, 55mM) in
 
the 

presence of  CD11c
+
 splenic dendritic cells (1:10 ratio of CD4

+
 T cell:dendritic cell) 

isolated from non-infected C57BL/6 mouse spleens using magnetic anti-

CD11c
+
microbeads and MACS separation columns. SWAP was added to a final 

concentration of 50 g/ml. Positive and negative control cultures received 1μg/ml anti-

CD3 antibody or no antigen, respectively.
 
Following incubation for 72 h at 37°C in 5% 

carbon dioxide,
 
supernatants were collected and immediately frozen at –80°C

 
for 

subsequent determination of cytokine concentration.
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Reconstitution of RAG-1
/

 mice with wild-type CD4
+
 lymphocytes  

Pooled spleens or livers from wild-type C57BL/6 mice were dispersed through a 70-μm 

nylon strainer. Cells were incubated with anti-CD4 coated microbeads (Miltenyi 

Biosciences) and separated using Midi-Macs magnetic columns (Miltenyi Biosciences). 

Four times 10
6
 cells (0.5x10^6, 0.8x10^6 for livers) were transferred into RAG-1

/
 mice 

by i.v. injection into a lateral tail vein. Recipient animals were then infected with 

cercariae 24 h later, as described above.  To verify the efficacy of adoptive transfers at 

necropsy, splenocytes from reconstituted RAG-1
/

 mice were surface labelled with 

allophycocyanin (APC)-Cy7-conjugated antibodies to CD4, fluorescein isothiocyanate 

(FITC)-conjugated antibodies to CD8, phycoerythrin (PE)-conjugated antibodies to 

NK1.1 and PerCp-Cy5.5-conjugated antibodies to CD19 (BD Biosciences) and analysed 

using a LSR II Optical Bench flow cytometer with FACSDiva and Winlist software, 

version 5.0 (Verity Software House).  

 

 

 

 

Cytokine analysis 

The concentrations of cytokines in culture supernatants and plasma were determined 

using
 
sandwich ELISA kits from

 
BD Biosciences/Pharmingen (San Diego, CA), 

following the instructions issued
 
by the manufacturer. Briefly, for each cytokine, flat-

bottomed
 
plates (Immulon 2HB; Thermo, MA) were each coated

 
overnight at 4 °C with 

the appropriate capture antibody diluted in
 
carbonate-bicarbonate coating buffer (pH 9.5). 

Following an
 
initial wash with PBS (pH 7.2) containing 0.05% Tween 20 (PBST; Sigma), 
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the plates were blocked with 10%
 
fetal calf serum (FCS) in PBS for 1 h at room 

temperature. Samples
 
or standards were then added to the wells and the plates were

 

incubated for 2 hours at RT. After incubation, the plates were washed and 100 μl of 

working detector containing biotinylated anti-mouse
 
cytokine antibody and Streptavidin–

HRP (horseradish peroxidase conjugate) was added in a one-step incubation for 1 hour. 

After 7-10 washes, the substrate solution TMB and hydrogen peroxide was added to each 

well and 30 minutes after incubation in the dark, the reaction was stopped with 2N H2SO4 

Absorbance was read at 450 nm using a Spectramax M2 microplate spectrophotometer 

(Molecular Devices,
 
Sunnyvale, CA) and corrected for plate absorbance at 570 nm. 

Concentrations of cytokines (pg/ml) in the samples
 
were determined by interpolation 

from standard curves
 
calculated for each plate using appropriate amounts of recombinant

 

mouse cytokines. 

 

 

Statistical analysis  

Because unequal variances were observed among some of the groups analysed in this 

study, stringent non-parametric tests were used throughout to test the significance of 

differences between experimental groups. For two groups, significance of differences 

between experimental groups was tested using Mann–Whitney tests, and for three groups 

the significance of differences was tested using Kruskal–Wallis tests followed by Dunns’ 

multiple comparison tests. Statistical analyses were performed with GraphPad Prism 

Version 4.0 software (GraphPad Software, Inc., San Diego, CA). P values of less than 

0.05 were considered significant. All experiments were performed twice with similar 

results. 
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Results 

 

Splenic CD4
+
 T cells primed to schistosome antigens restores schistosome development   

but does not confer protection in RAG
-/-

 mice 

 

To test whether CD4
+
 T cells that have previously encountered schistosome 

antigens would restore schistosome development to the same extent as naïve cells, 

splenic CD4
+
 T cells were isolated from wild type mice at 4 weeks post-infection with S. 

mansoni cerceriae and adoptively transferred into RAG
-/-

 recipient mice. Before adoptive 

transfer, splenic CD4
+
 T cells from 4 week -infected wild type mice were re-stimulated in 

vitro with dendritic cells and SWAP to determine if they were primed to respond to 

schistosome antigens. Upon stimulation with SWAP, primed CD4
+
 T cells produced high 

levels of IFN-  (Fig. 11A) compared to naïve CD4
+
 T cells from wild type mice that were 

not infected, demonstrating that cells from infected mice were indeed primed to respond 

to schistosome antigens. However, the length of parasites recovered 6 weeks later from 

RAG
-/-

 mice that received primed CD4
+
 T cells was the same as parasites recovered from 

RAG
-/-

 mice that received naïve CD4
+
 T cells (Fig. 11B).  Egg production per worm pair, 

which indicates the fecundity of the parasite, was also not significantly different between 

the two groups (Fig. 11C). These results indicate that CD4
+
 T cells primed to respond to 

schistosome antigens restored worm development to the same extent as naïve cells.  

To determine if primed CD4
+
 T cells played any role in protection against S. mansoni 

infection, we assessed the number of worms recovered from the two groups of recipient 

RAG
-/-

 mice. The number of worms recovered from RAG
-/-

 mice that received primed 

CD4
+
 T cells was not significantly different from the number recovered from recipients 
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of naïve CD4
+
 T cells (Fig. 11D), showing that primed CD4

+
 T cells do not confer 

protection to schistosomes in early infection. Indeed, we were able to recover comparable 

numbers of worms from RAG
-/-

 recipient mice that did not receive any cells, indicating 

that, in primary infections, CD4
+
 T cells do not protect against schistosome infection, 

while simultaneously facilitating schistosome development. 

 

 

Priming of hepatic CD4
+
 T cells by schistosome infection does not affect their ability to 

promote S. mansoni growth and development  

 

Unlike the spleen, which is a secondary lymphoid organ distal to the actual site of 

infection, the liver is the anatomical site at which developing S. mansoni worms and their 

antigens concentrate and the liver therefore contains CD4
+ 

T cells that are actively 

responding to schistosome infection (Makarem and Davies, submitted). We therefore 

hypothesized that antigen priming of CD4
+
 T cells in the liver may have a more 

pronounced effect on the ability of these cells to influence worm development than 

priming at other anatomic sites. To test this hypothesis, CD4
+
 T cells from the livers of 

either 4 week-infected or non-infected wild type mice were isolated and adoptively 

transferred to RAG
-/- 

recipient mice.  Six weeks after infecting the RAG
-/-

 recipient mice, 

parasites recovered from RAG
-/-

 mice that received primed hepatic CD4
+
 T cells were the 

same length as parasites recovered from RAG
-/-

 mice that received naïve hepatic CD4
+
 T 

cells (Fig. 12A).  Egg production per worm pair was also similar between both groups 

(Fig. 12B). Thus, antigen priming of hepatic CD4
+
 T cells does not affect the ability of 

these cells to promote schistosome development. Further, as with splenic CD4
+
 T cells 



 61 

(Fig. 11D), the number of worms recovered from RAG
-/-

 mice that received either primed 

or naïve hepatic CD4
+ 

T cells was comparable (Fig. 12C), again indicating that neither 

naïve nor primed CD4
+
 T cells of hepatic origin confer protection to schistosome 

infection. 

 

 

Splenic CD4
+
 T cells from vaccinated mice restore S. mansoni development when 

transferred to RAG
-/-

 mice 

Vaccination by exposure to radiation-attenuated cercariae induces a vigorous Th1 

response that is protective against subsequent challenge with non-attenuated S. mansoni 

cercariae (Hewitson et al., 2005). To assess whether priming of CD4
+
 T cells by 

vaccination would alter the ability of these cells to facilitate worm development, splenic 

CD4
+
 T cells from either vaccinated or naive wild type mice were adoptively transferred 

into RAG
-/-

 recipient mice. RAG
-/-

 recipients were then infected and parasite development 

assessed six weeks later. Parasites recovered from RAG
-/-

 mice that received CD4
+
 T 

cells from vaccinated animals were similar in length to worms recovered from RAG
-/-

 

mice that received naïve CD4
+
 T cells (Fig. 13A). This suggests that vaccine-induced 

CD4
+
 T cell responses to S. mansoni worm antigen do not interfere with the ability of 

CD4
+
 T cells to facilitate schistosome development. Interestingly, the numbers of 

parasites recovered from RAG
-/-

 mice that received CD4
+
 T cells from vaccinated donors 

were not significantly different from those recovered from RAG
-/-

 mice that received 

naïve CD4
+
 T cells (Fig. 13B). Indeed, and contrary to expectations, we recovered more 

worms from RAG
-/-

 mice that received CD4
+
 T cells from vaccinated animals, showing 

that the ability of CD4
+
 T cells to mediate protection is lost upon adoptive transfer. 
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Vaccination confers protection against subsequent challenge, but has no effect on S. 

mansoni worm growth and development  

Exposure to irradiated cercariae has been shown to induce a strong Th1 response 

(IFN- ) that mediates approximately 50 % protection to subsequent challenge with 

infectious cercariae (James et al., 1987). Our data in Fig. 13 suggest this protective 

response does not interfere with the ability of CD4
+
 T cells to facilitate schistosome 

development. However, because adoptive transfer of CD4
+
 T cells from vaccinated mice 

into RAG
-/-

 recipients also appeared to abrogate the protective properties of these cells, 

we examined schistosome development directly in wild type mice that were partially 

protected by prior vaccination. Wild type mice exposed to irradiated cercariae were 

challenged 4 weeks later with normal live cercariae. Then, six weeks after challenge, 

worm burden and parasite development was compared to that in non-vaccinated mice. 

Consistent with previous reports (James et al., 1987), worm numbers (Fig. 14A) in 

vaccinated mice were ~50% lower than those in unvaccinated mice. However, the 

parasites recovered from the vaccinated animals were the same length (Fig. 14B) and 

produced similar numbers of eggs per worm pair (Fig. 14C) to those isolated from non-

vaccinated controls.  These data suggest that CD4
+
 T cell responses induced by 

vaccination do not interfere with the development of those parasites that evade vaccine-

induced immunity. 
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Discussion 

CD4
+
 T cells play a significant role in the growth of Schistosoma worms and their 

development into mature, reproductively active adult parasites (Lamb et al., 2007). 

However, previous studies have not examined the mechanisms by which CD4
+
 T cells 

mediate these effects on blood fluke development. Because the primary function of CD4
+
 

T cells is to recognize and respond to foreign peptide antigens of extracellular origin that 

are presented in the context of MHC class II molecules, we hypothesized that CD4
+
 T 

cell responses to schistosome antigens during early infection would be implicated in the 

remarkable ability of CD4
+
 T cells to influence schistosome development. We therefore 

evaluated whether CD4
+
 T cells that were previously primed to respond to S. mansoni 

worm antigens, specifically in early infection and before the response to egg antigens, 

would have altered abilities to facilitate worm development. Here we show that CD4
+
 T 

cells from the spleen, primed to S. mansoni worm antigens in early infection, restore 

worm development and egg production to the same level as naïve CD4
+
 T cells that are 

not antigen-experienced (Fig. 11).  Additionally, primed CD4
+
 T cells from the liver, 

where the CD4
+
 T cell response is more pronounced than in the spleen, did not enhance 

worm development or egg production beyond the levels obtained with naïve cells (Fig. 

12).  Taken together, these results suggest that the CD4
+
 T cell responses to schistosome 

worm antigens elicited during primary infection do not positively affect S. mansoni 

growth and development  

We next tested whether CD4
+
 T cells from vaccinated animals, which mount a 

pronounced and protective response to S. mansoni worm antigens, would exhibit altered 

abilities to enhance S. mansoni development. Interestingly, adoptive transfer of these 
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cells into RAG
-/-

 mice restored worm development to the same extent as naïve CD4
+
 T 

cells (Fig. 13), again suggesting that effector responses by CD4
+
 T cells do not affect the 

development of S. mansoni worms. An alternative explanation for our results is that 

homeostatic proliferation in the RAG
-/-

 recipients could cause the primed CD4
+
 T cells to 

now become unresponsive and worm development was therefore restored to levels 

indistinguishable to those seen with naïve cells. Contrary to our expectations, we have 

preliminary evidence suggesting that while effector CD4
+
 T cells continue to be 

responsive to worm antigens after homeostatic proliferation, naïve CD4
+
 T cells have 

also acquired that same phenotype (data not shown), further complicating the comparison 

between primed and naïve cells using this approach. Indeed, other studies have also 

shown that naïve CD8
+
 T cells undergoing homeostasis-driven proliferation convert to a 

phenotype similar to that of memory T cells and acquire the ability to rapidly secrete 

IFN-  and become cytotoxic effectors when stimulated with cognate antigen (Goldrath et 

al., 2000). This perhaps could explain why the effect of CD4
+
 T cell responses on S. 

mansoni growth and development could not be assessed, since naïve CD4
+
 T cells have 

also acquired a similar phenotype after adoptive transfer to RAG
-/-

 mice.   

Through adoptive transfer experiments using primed CD4
+
 T cells, we also found 

that the presence of CD4
+
 T cells primed by prior exposure to primary infection did not 

adversely affect the ability of schistosome larvae to establish infection in RAG
-/-

 

recipients, as similar numbers of parasites were recovered from recipients of naïve and 

primed cells (Fig. 13). Thus, while primed CD4
+
 T cells do not enhance S. mansoni worm 

development, we also can find no evidence that CD4
+
 T cell responses induced by 

primary infection can mediate protection against schistosomes. Indeed, CD4
+
 T cells 
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from vaccinated animals, which can mediate protection against a subsequent challenge 

infection, also failed to mediate any protective effect after adoptive transfer to RAG
-/-

 

mice. This might suggest that there are other important factors, in addition to CD4
+
 T 

cells, that play a role in mediating protection in vaccinated mice. Indeed, it was shown 

that optimal immunization against S.
 
mansoni requires the simultaneous induction of both 

humoral
 
and cell-mediated mechanisms (Jankovic et al., 1999), since B cell knockout 

mice displayed reduced
 
protection against challenge infection, despite developing a 

normal IFN-  response. Since RAG
-/-

 mice lack a functional B cell compartment, this 

major factor could account for the failure to transfer protection in these strains. 

Finally, we propose that CD4
+
 T cells could simultaneously facilitate and 

antagonize schistosome development in vaccinated mice (Fig. 14). This result suggests 

that the protection, by CD4
+
 T cells as well as other immune mechanisms, is occurring at 

the very early stage in infection and that those worms that do escape this protection are 

developing normally by the help of CD4
+
 T cells (Vignali et al., 1989).  

In conclusion, we show that schistosome development is not enhanced by CD4+ T 

cell responses to worm antigens. Importantly, we show that CD4+ T cell responses restore 

normal S. mansoni growth and development while also playing a role in protection 

against schistosome infections. This suggests that CD4+ T cells have a dual function in 

both facilitating schistosome worm development while simultaneously protecting against 

infection. 
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Figure 9:  Adoptive transfer of splenic CD4
+
 T cells into RAG-1

-/-
 mice from previously 

infected donors restore S. mansoni growth and egg production, but does not confer 

protection against S. mansoni infection. (A) CD4
+
 T cells were isolated from spleens of 4 

week-infected (Primed) or non-infected (Naïve) wild type mice, cultured (2x10
6
 cells/ml) 

with dendritic cells and stimulated with SWAP antigen ( ) or not stimulated ( ). IFN-

 cytokine concentrations in the culture supernatants were measured by ELISA 72 h after 

stimulation. (B-D) Splenic CD4
+
 T cells from wild type donors that were either 

previously infected with S. mansoni cercariae for 4 weeks (Primed) or not infected 

(Naïve), were adoptively transferred into RAG-1
-/-

 mice (4 x 10
6
 cells/recipient). The 

RAG
-/-

 recipients were then infected with S. mansoni cercariae and worm length (B), egg 

production per worm pair (C), and the number of worms (D) per mouse was assessed 

after 6 weeks. 
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Figure 10:  Hepatic CD4
+
 T cells from previously infected donors restore S. mansoni 

growth, but do not confer protection against S. mansoni infection when adoptively 

transferred into RAG-1
-/-

 mice. Hepatic CD4
+
 T cells from wild type donors that were 

either previously infected with S. mansoni cercariae for 4 weeks (Primed) or not infected 

(Naïve), were adoptively transferred into RAG-1
-/-

 mice (0.8 x 10
6
 cells/recipient). The 

RAG
-/-

 recipients were then infected with S. mansoni cercariae and assessed after 6 weeks 

for worm length (A), egg production per worm pair (B) and number of worms per mouse 

(C)



69 

A P< 0.001

p:> 0.05 P <: 0.001

E ':.
g s'·· ,'i' '.,

';':jl:. " . '.
~ ..... .:' .
" '., .'c .... .::1'•~ · .....•:
E ': ....
5 . '.:. ..
~ ··

Primed Naive No Cells : Donor

B
P <: 0.05

NS P <0.01

50 • •
400

.~

~ 300
~
~ •• ,"•200
> •:0 •100

• •
0

Primed Naive No Cells : Donor

C p:> 0.05

p:> 0.05 p:> 0.05

80
"• 70 ••> 600

~ 50 '.
"•§ 40 • w· .
••

~ 30
15 20
0z 10

0
Primed Naive No Cells : Donor



 70 

Figure 11:  Adoptive transfer of Splenic CD4
+
 T cells into RAG-1

-/-
 mice from 

previously vaccinated donors restore the development of S. mansoni worms, but does not 

confer protection against S. mansoni infection. Splenic CD4
+
 T cells from wild type 

donors that were either previously vaccinated with irradiated S. mansoni cercariae for 4 

weeks or not infected (Naïve), were adoptively transferred into RAG-1
-/-

 mice (4 x 10
6
 

cells/recipient). The RAG
-/- 

recipients were then infected with S. mansoni cercariae and 

worm length (A) and number of worms (B)) assessed after 6 weeks. 
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Figure 12:  Vaccination confers protection against the establishment of S. mansoni 

worms, but does not interfere with S. mansoni development. Mice were vaccinated with 

irradiated cercariae and then challenged with live cercariae 4 weeks later. After another 6 

weeks, worm burden (A), worm length (B), and egg production per worm pair (C) was 

assessed and compared to parasites obtained from animals that were infected but not 

vaccinated. 
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Chapter 3 

Role of IL-10 and TGF-  in the establishment and development of 

Schistosoma mansoni worms 
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Introduction 

 
 It is estimated that two billion people, or approximately one third of the world’s 

population, suffer from helminth (worm) infections (Colley et al., 2001). Schistosomiasis, 

a helminth infection caused by trematode parasites of the genus schistosoma, is among 

the most important helminth infections, infecting approximately 200 million people 

worldwide and accounting for roughly one tenth of all helminth infections (Organization, 

1993).  Similar to other parasites, schistosomes have evolved mechanisms to evade 

protective host immune responses for their continual survival. Understanding the 

mechanisms that lie behind these evasive strategies might identify ways to disrupt them 

and could lead to the development of novel cures for this disease.   

Our recent data has shown that IL-10 production by CD4
+
 T cells is stimulated 

early during S. mansoni infection, suggesting that perhaps immune regulatory 

mechanisms induced in early infection allow S.mansoni worms to evade the immune 

response and become established. Furthermore, published data suggest that IL-10 

interferes with vaccine-induced immunity to schistosomes, as a decrease in worm burden 

is observed in vaccinated IL-10
-/-

 mice (Hoffmann et al., 1999). However in primary 

infections, lack of IL-10 does not seem to interfere with the establishment of schistosome 

worms (Wynn et al., 1998), suggesting that other regulatory factors might be 

compensating for the lack of that IL-10.  

One such factor is the surface-bound or secreted cytokine Transforming Growth 

Factor-  (TGF ). The TGF-  superfamily of polypeptide growth factors plays a 

prominent role in cell growth and differentiation across a wide range of species, from 

nematode to human. TGF-  plays a role in suppressing the differentiation, survival, and 
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proliferation of T cells (Rubtsov and Rudensky, 2007). For example, in a Trichenella 

spiralis model of infection, neutralizing TGF-  in IL-10
-/-

 mice resulted in a decrease of 

larva establishment in muscle tissue (Beiting et al., 2007), suggesting that regulatory 

responses are induced as an evasive strategy to avoid the host protective immune 

response. In addition, the TGF- -like receptor/Smad signaling pathway in parasitic 

helminths themselves has been shown to be important in regulating schistosome 

development (Beall et al., 2000). 

In this study we assessed whether disrupting both IL-10 and TGF-  responses in a 

schistosome infection had a negative effect on S. mansoni worm establishment and 

development. Here, we provide evidence showing that although absence of IL-10 and 

TGF-  do not significantly affect the establishment of S. mansoni worms, normal 

development of these worms is affected. 
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Materials and Methods 

 

 
Mice  

Wild-type C57BL/6 mice were purchased from National Cancer Institute (NCI), 

(Frederick, MD). Six-wk-old C57BL/6 IL-10
-/- 

mice were purchased from Jackson. All 

studies involving animals were performed in accordance with protocols approved by the 

relevant Institutional Animal Care and Use Committees.  

 

 

 

 

Schistosome infection  

Cercariae of Schistosoma mansoni (Puerto Rican strain) were obtained from infected 

Biomphalaria glabrata snails. Mice were infected by immersion of the tail for 40 min in 

water containing 150 S. mansoni cercariae. Mice were sacrificed at 6 weeks post 

infection. In all experiments, groups of wild-type and IL-10
-/-

 mice were exposed at the 

same time to parasites from the same cercarial pool.  

 

Parasite recovery and measurement of parasitological parameters  

Parasites were recovered from the portal system by perfusion, immediately fixed in 4% 

neutral-buffered formaldehyde and photographed using a Nikon Coolpix 4500 4.0 

megapixel digital camera connected to a Vistavision trinocular dissecting microscope at 
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20  magnification. Length of male parasites was determined from digital images using 

ImageJ software (http://rsb.info.nih.gov/ij). Quantitative analysis of parasite length was 

performed on male worms as male schistosomes always outnumber females in 

experimental infections and female growth is significantly influenced by pairing with 

males (Hernandez et al., 2004). Liver tissue was digested in 0.7% trypsin (50 ml) in PBS 

for 2–3 h at 37 °C and eggs were counted under a dissecting microscope.  

 

 

Parasite antigen preparation  

For preparation of soluble worm antigen (SWAP), adult S. mansoni worms (male and 

female) were suspended
 
in ice-cold PBS and homogenized on ice. Insoluble

 
material was 

removed by centrifugation at 13,200 x g for 45 min at 4°C, and the supernatant was filter-

sterilized. Protein concentration was determined by the Bradford assay (BioRad, 

Hercules, CA) on a Spectramax M2 micro plate spectrophotometer (Molecular Devices,
 

Sunnyvale, CA) and frozen in aliquots at –80°C.  

 

 

 

 

 

 

CD4
+
 T cell isolation and Cell culture    

Single-cell suspensions of leukocytes were prepared from pooled spleens of infected 

mice by dissociating tissues with wash medium through nylon cell strainers and lysing 

erythrocytes with ACK lysing buffer if necessary. CD4
+
 T cells were isolated by positive 

selection using magnetic anti-CD4 microbeads and MACS separation columns (Miltenyi 
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Biotech, CA) and following the instructions provided by the manufacturers. CD4
+
 cells  

were
 
cultured in T cell medium (TCM; RPMI

 
1640, 10% heat-inactivated FCS, 1000 

U/ml penicillin, 10 μg/ml streptomycin, HEPES, 10mM; MEM Non-essential amino 

acids Solution, 10mM; L-glutamine, 200mM; Sodium pyruvate, 100mM; -

mercaptoethanol, 55mM) in
 
the presence of  CD11c

+
 splenic dendritic cells (1:10 ratio of 

CD4
+
 T cells: dendritic cells) isolated from non-infected C57BL/6 mice using magnetic 

anti-CD11c
+
microbeads and MACS separation columns. SWAP was added to a final 

concentration of 50 g/ml.  Positive and negative control cultures received 1μg/ml anti-

CD3 antibody or no antigen, respectively.
 
Following incubation for 72 h at 37°C in 5% 

carbon dioxide,
 
supernatants were collected and immediately frozen at –80°C

 
for 

subsequent determination of cytokine concentration.
 
 

 

 

 

 

Cytokine analysis 

The concentrations of cytokines in culture supernatants and plasma were determined 

using
 
sandwich ELISA kits from

 
BD Biosciences/Pharmingen (San Diego, CA), 

following the instructions issued
 
by the manufacturer. Briefly, for each cytokine, flat-

bottomed
 
plates (Immulon 2HB; Thermo, MA) were each coated

 
overnight at 4 °C with 

the appropriate capture antibody diluted in
 
carbonate-bicarbonate coating buffer (pH 9.5). 

Following an
 
initial wash with PBS (pH 7.2) containing 0.05% Tween 20 (PBST; Sigma), 

the plates were blocked with 10%
 
fetal calf serum (FCS) in PBS for 1 h at room 

temperature. Samples
 
or standards were then added to the wells and the plates were

 

incubated for 2 hours at RT. After incubation, the plates were washed and 100 μl of 
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working detector containing biotinylated anti-mouse
 
cytokine antibody and Streptavidin–

HRP (horseradish peroxidase conjugate) was added in a one-step incubation for 1 hour. 

After 7-10 washes, the substrate solution TMB and hydrogen peroxide was added to each 

well and 30 minutes after incubation in the dark, the reaction was stopped with 2N H2SO4 

Absorbance was read at 450 nm using a Spectramax M2 microplate spectrophotometer 

(Molecular Devices,
 
Sunnyvale, CA) and corrected for plate absorbance at 570 nm. 

Concentrations of cytokines (pg/ml) in the samples
 
were determined by interpolation 

from standard curves
 
calculated for each plate using appropriate amounts of recombinant

 

mouse cytokines. 

 

 

 

 

Antibodies 

Mouse mAb to TGF-  (IgG1, clone ID11; American Type Culture Collection); and 

mouse ab to light harvesting chlorophyll a/b protein complex (IgG1, clone MLH2) were 

affinity purified from culture supernatant using protein G and fast performance liquid 

chromatography (Akta FPLC; Amersham Biosciences). The column was equilibrated 

with 0.02 M sodium phosphate (pH 7.0), and bound protein was eluted with 0.1 M 

glycine-HCL (pH 2.7). Fractions were neutralized with 1 M Tris-HCL (pH 9.0). Purified 

antibody was exchanged into PBS using a HiPrep 26/10 desalting column (Amersham 

Biosciences), filter sterilized and frozen in aliquots at –80°C. 
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In vivo Ab treatments 

Mice (wild type and IL-10
-/-

) were administered 1 mg of neutralizing Ab to TGF-  or 

control i.p (intra peritoneal) each week beginning a week prior to infection. Mice were 

infected on day 0 and sacrificed at 6 weeks post infection. Blood was collected from each 

mouse at 6 weeks post infection and serum frozen at –80°C. 

 

 

 

 

ELISA for mouse immunoglobulin isotypes 

Enzyme-linked immunosorbent assays was used to study antibody isotype responses of 

infected mice to crude schistosome antigens. 4HBX plates (Immulon Thermo, MA) were 

coated with SWAP (5μg /ml) in borate buffered saline (BBS) overnight at 4 
0
C. After 5 

washes and blocking with BBS containing 1% of fetal calf serum, the immune sera were 

serial diluted in BBS containing 0.02% Tween 20 (BBST; Sigma, St Louis) and applied 

to the plates for 2 hours at RT. After 5 washes, the plates were incubated with alkaline 

phosphatase-conjugated goat antibodies against mouse IgG1, IgG2a, and IgG2b 

(Southern Biotechnology Associates), diluted 1:1000 in BBST for 30 minutes at RT and 

then washed 10 times. The reaction was developed by addition of 4- methylumbelliferyl 

phosphate substrate (4-MUP; Sigma). The fluorescence was detected on SPECTRAmax 

M2 fluorometer at excitation and emission wavelengths of 360nm and 449 nm, 

respectively.  
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Statistical analysis  

Because unequal variances were observed among some of the groups analysed in this 

study, stringent non-parametric tests were used throughout to test the significance of 

differences between experimental groups. For two groups, significance of differences 

between experimental groups was tested using Mann–Whitney tests, and for three groups 

the significance of differences was tested using Kruskal–Wallis tests followed by Dunns’ 

multiple comparison tests. Statistical analyses were performed with GraphPad Prism 

Version 4.0 software (GraphPad Software, Inc., San Diego, CA). P values of less than 

0.05 were considered significant. All experiments were performed twice with similar 

results. 
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Results 

 

 

IL-10 and TGF-  modulate IFN-  production in S. mansoni infection 

To test if absence of both IL-10 and TGF-  will have a stimulatory effect on 

cytokine production in a schistosomiasis model, IL-10
-/-

 mice were infected with S. 

mansoni cerceriae and TGF-  was neutralized in vivo by weekly administration of TGF-  

antibody.  Six weeks later, CD4
+
 T cells were isolated from spleens of both groups and 

stimulated in vitro with dendritic cells and SWAP. When compared to IL-10
-/-

 mice that 

received isotype control antibody, IL-10
-/-

 mice that received TGF-  antibody treatment 

produced significantly higher amounts of IFN-  (Fig. 15A). However when the same 

treatment was repeated in wild type mice, absence of TGF-  alone did not cause a 

significant difference in IFN-  production compared to wild type mice receiving isotype 

control antibody (Fig. 15B). Moreover, IL-4 production (Fig. 15C) and IL-10 levels (Fig. 

15D) were also not affected by absence of TGF-  alone. Thus TGF-  plays a role in 

regulating IFN-  responses to schistosome infection in the absence of IL-10, but not 

when IL-10 responses are intact. Interestingly, the weight of livers from the IL-10
-/-

 

treated with TGF-  antibody was increased compared to wild type mice treated with 

isotype control antibody (Fig. 15E), likely indicating an increase in cellular infiltration 

due to the disruption of both IL-10 and TGF-  regulatory mechanisms. 
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Modulation of immunoglobulin isotype switching in IL-10
-/-

 mice treated with TGF-  

antibody  

Immunoglobulin isotype switching by B lymphocytes to IgG1 and IgG2a 

production is stimulated by T cell help from IL-4-producing Th2 cells and IFN- -

producing Th1 cells, respectively. To investigate if the treatment of infected IL-10
-/-

 mice 

with TGF-  antibody resulted in potentiation of schistosome-induced Th1 responses, we 

measured plasma concentrations of antibody isotypes specific for schistosome worm 

antigens. Our results show that SWAP-specific IgG2a (Fig. 16A) levels were 

significantly elevated in IL-10
-/-

 mice treated with TGF-  antibody when compared to 

wild type mice that received isotype control antibody, suggesting that TGF-  plays a 

compensatory role in regulating worm-induced Th1 responses in the absence of IL-10. In 

contrast, similar levels of worm-specific IgG1 were produced by all groups (Fig. 16B), 

indicating that neither IL-10 nor TGF-  regulate schistosome worm-induced Th2 

responses during early infection. SWAP-specific IgG2b levels were also measured, as 

there is limited in vitro evidence to suggest that class-switching to IgG2b is stimulated by 

TGF-  (Snapper, 1999). However, we could find no evidence of TGF-  mediated 

stimulation of class-switching to IgG2b, as anti-SWAP IgG2b levels were not affected by 

TGF-  neutralization in wild type mice and were elevated in anti-TGF- -treated IL-10-/- 

mice (Fig. 16C). Thus, TGF-  plays a compensatory role in regulating worm-induced 

Th1 responses in the absence of IL-10, but not in the presence of intact IL-10 signaling.  
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Absence of IL-10 and TGF-  affects S. mansoni worm development but does not protect 

against infection 

We next assessed whether simultaneous neutralization of TGF-  and IL-10 had a 

protective effect against primary schistosome infection, by preventing parasite 

establishment or interfering with development of the parasite. The numbers of worms 

recovered from the IL-10
-/-

/anti-TGF-  group were not significantly different from the 

WT/isotype control group (Fig. 17A) indicating that there was no protection exhibited 

against schistosome infection in the absence of IL-10 and TGF- .  

To determine whether simultaneous neutralization of IL-10 and TGF-  affected 

worm growth and development, we measured the lengths of the parasites recovered from 

treated mice as well as the number of eggs deposited by worm pair. Although there was 

no difference in the mean value of worm length (Fig. 17B) between the IL-10
-/-

/TGF-  

and WT/isotype control groups, there was a significant difference (P < 0.0001) in the 

variance of the data obtained from each group (Fig. 17B), suggesting that neutralization 

of both IL-10 and TGF-  modulated schistosome growth in some way and resulted in the 

persistence of abnormally small worms in the IL-10
-/-

/TGF-  group.  However, egg 

production was similar between all groups (Fig. 17C). These results suggest that the 

absence of both IL-10 and TGF-  can influence on the development of S. mansoni 

worms, but that neutralization of both cytokines has no protective effect against infection 

and that reproductive fitness of the parasites that reach maturity is not compromised.  
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Discussion 

Our previous work demonstrated that schistosome infection induces a regulatory 

response by CD4
+
 T cells to worm antigens that begins in early infection (Makarem and 

Davies, submitted). Since regulation of the immune system allows for control of over-

exuberant responses to invading organisms to avoid host damage, we hypothesized that 

schistosomes co-opt this mechanism as a strategy to evade the host immune response. To 

test this hypothesis, we examined the establishment and development of S. mansoni 

parasites in the absence of regulatory mechanisms. Neutralization of TGF-  in IL-10
-/-

 

mice potentiated IFN-  responses by CD4
+
 T cells after re-stimulation with S. mansoni 

worm antigens, suggesting that dysregulation of worm-induced Th1 responses occurs 

when both regulatory cytokines are absent (Fig. 15). Neutralization of TGF-  in IL-10
-/-

 

mice resulted in an increase in liver weights, presumably due to an increase in cellular 

infiltration in the absence of both regulatory cytokines. Further evidence of Th1 

dysregulation during schistosome infection was provided by the demonstration of 

augmented IgG2a responses to worm antigens in the absence of both IL-10 and TGF-  

(Fig. 16). However, neutralization of TGF-  in wild type mice did not influence the 

production of IFN- , IL-4, or IL-10, or significantly alter organ weight or isotype 

responses, suggesting that TGF-beta plays a compensatory role in regulating CD4
+
 T cell 

reponses in the absence of IL-10, but is of limited importance when IL-10 signaling is 

intact (Fig. 15).   

To understand the effect of the lack of IL-10 and TGF-  on S. mansoni parasites, 

we evaluated the worm burden and parasite phenotype in IL-10
-/-

 mice where TGF-  was 

neutralized. In previous studies where this approach was employed in a Trichinella 
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spiralis model of infection, neutralization of TGF-  in IL-10
-/-

 mice resulted in a 

significant reduction in larval worm burdens (Beiting et al., 2007). In contrast, we found 

that simultaneous abrogation of IL-10 and TGF-  signaling did not inhibit the 

establishment of S. mansoni worms. Interestingly however, S. mansoni development was 

affected by simultaneous TGF-  and IL-10 inhibition, with significantly greater variance 

evident in the worm length data obtained from anti- TGF- -treated IL-10
-/-

 mice (Fig. 

17), suggesting that interfering with the regulatory response has an effect on the 

development of this parasite. Taken together, these results suggest that the lack of 

immune regulation and resulting augmentation of immune responses, caused by loss of 

both TGF-  and IL-10 signaling (Beiting et al., 2007), contributed to the effect on worm 

development we observed. Hence there is likely redundancy between TGF-  and IL-10, 

such that an effect on schistosome development is only evident when both cytokines are 

absent. We hypothesize that simultaneous inhibition of other regulatory mechanisms, 

such as adenosine (Hasko and Cronstein, 2004) or CTLA-4 signaling (Hodi, 2007), may 

interfere further with the development of schistosome infections and could ultimately 

result in a decrease in worm burdens. 

An alternative explanation for our results may be that schistosomes utilize host 

TGF-  as a developmental signal during the early stages of infection. This possibility is 

supported by the observations that  (i) schistosome worms express members of the TGF-

 receptor family (Davies et al., 1998b), (ii) that these receptors may be exposed on the 

parasite surface and therefore available for binding host cytokines (Davies et al., 1998b), 

and (iii) there is molecular evidence that the schistosome receptors can interact 

functionally with mammalian TGF-  (Beall and Pearce, 2001). However, neutralization 
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of TGF-  alone, in IL-10-expressing wild type mice, did not affect parasite development, 

arguing that the alterations in parasite development were instead due to increased 

immunological damage to the parasites when two important regulatory cytokines are 

neutralized. 

Interestingly, no impairment of class switching to IgG2b production was observed 

in either wild type or IL-10
-/-

 mice when treated with anti-TGF-  antibody, despite the 

fact that TGF-  was proposed to play a role in signaling B cells to switch to IgG2b 

production, at least in vitro (Snapper, 1999). Our data suggest that TGF-  has little or no 

role to play in immunoglobulin isotype switching in vivo. Indeed, in many in vivo studies, 

IgG2b production appears to closely parallel IgG2a production. 

In conclusion, our data suggest that schistosomes induce regulatory responses 

during the early stages of infection to avoid immune destruction and facilitate 

establishment within the host. Consequently, inhibition of schistosome-induced 

regulatory mechanisms may interfere with the ability of schistosomes to evade immune 

destruction. Strategies aimed at disrupting schistosome-induced regulatory mechanisms 

could therefore provide a useful adjunct to anti-schistosome therapies such as 

praziquantel, which require immune responses to eliminate schistosomes (Brindley and 

Sher, 1987; Brindley et al., 1989) and are rarely if ever 100% efficacious (King, 2006) . 

Further, inhibition of schistosome-induced regulatory responses could potentiate the 

protective capabilities of existing and future anti-schistosome vaccines (Pearce, 2003), 

potentially leading to the development of vaccines with sufficient efficacy to be useful in 

controlling schistosome infection in human populations. 
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Figure 13:  Treatment of IL-10
-/-

 mice with TGF-  antibody increases IFN-  production 

by CD4
+
 T cells. (A) IL-10

-/-
 mice were treated with either anti-TGF-  antibody (n = 4) 

or isotype control antibody (n = 3), and infected with S. mansoni cerceriae. Six weeks 

later, CD4
+
 T cells were isolated from spleens, cultured with dendritic cells (2x10

6
 CD4

+
 

T cells:200,000 DC’s) and stimulated with SWAP. IFN-  cytokine level was measured 

from supernatants 72 h after stimulation (p< 0.05). (B-D) Splenic CD4
+
 T cells from wild 

type mice (n = 5 both groups) that received the same antibody treatments and infected for 

the same amount of time were isolated, cultured with dendritic cells and stimulated with 

SWAP.  IFN-  (B), IL-4 (C), and IL-10 (D) cytokine levels were measured from 

supernatants 72 h after stimulation (p> 0.05). Liver weights (E) from individual IL-10
-/-

 

and wild type mice treated with either anti-TGF-  antibody or isotype control antibody, 

was measured 6 weeks after infection. 
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Figure 14:  Enhancement of S. mansoni-induced Th1 responses in IL-10
-/-

 mice by TGF-

 neutralization. Both IL-10
-/-

 and wild type mice were treated with either anti-TGF-  

antibody or isotype control antibody and infected with S. mansoni cerceriae. Six weeks 

later, blood was collected from each mouse and serum was used to measure SWAP-

specific IgG2a (A), IgG2b (B) and IgG1 (C) antibody isotype levels.  Sera from non-

infected wild type animals were included as negative controls. 
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Figure 15:  Development of S. mansoni worms is affected by absence of IL-10 and TGF-

. Number of worms (A), worm length (B), and eggs per worm pair (C) from individual 

IL-10
-/-

 and wild type mice treated with either anti-TGF-  antibody or isotype control 

antibody, was assessed 6 weeks after infection. In (B), the P value was calculated using 

the F test to compare the variances between the two groups.  
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Chapter 4 

Summary and Future Directions 
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Systemic regulatory CD4
+
 T cell response to schistosome worm antigens 

  

 In Chapter 2, we show that in a murine model of schistosomiasis, primary 

infection with S. mansoni worms leads to production of the regulatory cytokine IL-10 by 

schistosome antigen-specific CD4
+
 T cells, which peaks at 4 weeks post-infection before 

egg deposition begins. High levels of IL-10 mRNA synthesis by CD4
+
 T cells were 

detected in the liver, while IL-10 protein production in response to SWAP was seen in 

CD4
+
 T cells from both liver and spleen. Interestingly, IFN-  protein levels from hepatic 

CD4
+
 T cells stimulated with SWAP were negligible in wild type mice but increased 

dramatically in IL-10
-/-

 mice, indicating that IL-10 contributes to the suppression of the 

early IFN-  response. This finding could perhaps explain why the T helper response prior 

to the onset of egg deposition has been characterized as a limited Th1 response (Pearce 

and MacDonald, 2002). Our data suggest that, in the context of an intact immune system, 

this response is best characterized as a regulatory T cell response. 

We hypothesize that production of IL-10 is induced by the parasite early in 

infection to evade the pro-inflammatory cytokines that might be detrimental to its 

survival and establishment in the host. This hypothesis is supported by evidence from 

previous work in humans that showed elevated levels of IFN-  production by CD4
+
 T 

cells to worm antigens in resistant but exposed patients living in endemic areas (Endemic 

Normals; EN) (Brito et al., 2000).  IL-10 secretion in response to worm antigens in EN 

individuals was found to be decreased, but not significantly so, when compared to non-

infected, treated, or chronically infected patients. However, neutralizing IL-10 in vitro 

produced high levels of IFN-  to SWAP only in cells from EN individuals compared to 

the other groups, indicating that individuals resistant to infection have the propensity to 
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mount a Th1 type immune response as a result of lower IL-10 levels (Brito et al., 2000). 

Thus, there appears to be a correlation between resistance to schistosome infection in 

human patients and a change in the balance of IL-10 and IFN-  production that favors 

production of IFN- . However, further studies involving more individuals are needed to 

test this potential correlation further. 

Although our data provide evidence that schistosomes induce IL-10 in early 

infection, leading to lower levels of IFN-  and impairing pro-inflammatory responses 

against the invading parasites, normal schistosome establishment and development is 

seen during primary infection of IL-10
-/-

 mice (Wynn et al., 1998). Therefore, 

neutralizing IL-10 alone is not sufficient for protection against a primary schistosome 

infection. However, published data suggest that IL-10 interferes with vaccine-induced 

immunity to schistosomes and that vaccinating IL-10
-/- 

mice results in greater protection 

to schistosome infection (Hoffmann et al., 1999). A vaccine that induces a strong Th1 

response, while avoiding induction of IL-10 production, could therefore be more 

effective in inducing protection against re-infection. Before this can be achieved, the 

mechanisms by which schistosome worms induce the production of IL-10 must be 

determined, so that vaccines that do not activate these mechanisms can be developed. It is 

interesting to note that the best current experimental vaccine, utilizing irradiated 

cercariae, still induces IL-10 production and this could explain why this vaccine is not 

more efficacious. We speculate that specific schistosome antigens may be responsible for 

inducing IL-10 production. Indeed, preliminary data suggest that immunodominant 

antigens recognized by the early response to schistosome worms may also be the primary 

targets of IL-10 responses (Fraga, Makarem and Davies, in preparation). These 
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immunodominant antigens include the secreted schistosome gut proteases Sm31 and 

Sm32 (Caffrey et al., 2004). Whether the proteolytic activity of these antigens is linked to 

their immunogenicity or their capacity to induce IL-10 is currently under investigation.  

Interestingly, IL-10 has also been attributed to the down-modulation of hepatic 

granuloma formation at the acute stage of infection (Hesse et al., 2004; Hoffmann et al., 

2000), leading to a decrease in hepatic granuloma size and fibrosis, which is in turn 

beneficial to host survival. However, it is not particularly clear if IL-10 is involved in 

controlling granulomatous inflammation at the chronic phase of the infection  since it has 

been shown that IL-10
-/-

 mice undergo normal down-modulation of granuloma formation 

(Wynn et al., 1998). Since there is a possibility that other factors may be involved in the 

down-modulation of hepatic granuloma formation and fibrosis, it would be interesting to 

assess whether adenosine signaling through the A2A receptor plays a part in this down-

modulation at the chronic stage of infection. Our data show that fibrosis is increased in 

A2AR
-/-

 mice at the acute phase of the infection (8 weeks post-infection, Fig. 8), but there 

was no difference in granuloma size (data not shown). Therefore, assessing granuloma 

size and fibrosis in A2AR
-/-

 mice 16-20 weeks post-infection (chronic infection) will lead 

us to a better understanding of whether adenosine signaling is involved in down-

modulating hepatic granuloma formation and fibrosis at the chronic phase of the 

infection. 

Since A2AR
-/-

 mice exhibited more fibrosis than wild type mice, this suggests that 

stimulation of A2AR signaling rather than its inhibition may be beneficial in alleviating 

the fibrosis in schistosome infection. An interesting experiment would be to administer 

the A2AR agonist to wild type mice and assess the fibrosis 8 weeks post-infection. 
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Comparing this group to another group receiving an A2AR inhibitor, we expect to see 

more fibrosis in the mice that receive the A2AR agonist since the abrogation of A2AR in 

the A2AR
-/-

 mice lead to an increase in hepatic fibrosis. This will further clarify the role 

of adenosine signaling in schistosome infections, and could be exploited as a possible 

therapy for reducing fibrosis in schistosomiasis. 
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Effects of CD4
+
 T cell antigen specificity on schistosome worm 

development 

 

Previous studies have shown that CD4
+
 T cells are critical to the normal 

development of schistosome worms during the early phase of infection prior to egg 

laying (Davies et al., 2001; Lamb et al., 2007). Indeed, in immunodeficient mice such as 

SCID or RAG
-/-

 mice, schistosomes grow much more slowly during the prepatent period 

than they do in immunocompetent mice, the worms take longer to form pairs, and their 

reproductive fitness is impaired, as demonstrated by their greatly reduced rates of egg 

production (Davies et al., 2001).  Remarkably, reconstitution of RAG
-/-

 mice with CD4
+
 

T cells alone is sufficient to restore parasite development and reproductive capacity to 

normal levels (Davies et al., 2001; Lamb et al., 2007). However, little is currently known 

regarding how CD4
+
 T cells mediate these effects on schistosome development. Because 

the unique and primary function of CD4
+
 T cells is to respond to foreign peptides of 

extracellular origin that are presented to them by MHC class II-expressing cells, we 

hypothesized that the responses of CD4
+
 T cells to schistosomes during the prepatent 

period were important for the positive effects that CD4
+
 T cells have on developing 

schistosomes. To examine this hypothesis, we tested whether adoptive transfer of CD4
+
 T 

cells that were previously primed by schistosome worm antigens would be more effective 

than naïve cells at restoring worm development in RAG
-/-

 recipients. However, we found 

no differences between naïve and primed CD4
+
 T cells in their ability to facilitate worm 

development, regardless of whether the cells were primed by previous infection or 

vaccination, suggesting that the specificity and effector function of CD4
+
 T cells has little 

or no impact on schistosome development. These findings are in agreement with other 
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data showing that CD4
+
 T cells with defects in T cell receptor-mediated activation or 

with specificity for completely irrelevant antigens can also facilitate schistosome 

development (Lamb and Davies, submitted). Together, these data suggest that the 

mechanisms by which CD4
+
 T cells facilitate blood fluke development are separate and 

distinct from their antigen responsiveness and effector function. It is encouraging that 

distinctions can be drawn between the positive effects of CD4
+
 T cells on schistosome 

development on one hand and the effector functions of these cells on the other, as it 

suggests that priming of CD4
+
 T cells for anti-schistosome effector functions by vaccines 

may be possible without inadvertently enhancing schistosome worm development.  

In agreement with the findings outlined above, we also found that in a murine 

vaccination model that elicits partial protection (Hewitson et al., 2005), the worms that 

escape immune destruction develop normally. This indicates that even when CD4
+
 T 

cells mediate protection, they also simultaneously facilitate schistosome worm 

development. A strategy that may improve the efficacy of future vaccines might be to 

attempt inhibition or disruption of interactions between host CD4+ T cells and 

schistosomes that facilitate parasite development, while leaving protective effector 

functions of CD4+ T cells intact.  Because CD4+ T cells play a central role in mediating 

immunity to a plethora of pathogens, broad inhibition of T cell function to disrupt 

schistosome development is not desirable.  Before selective inhibition or disruption of 

specific schistosome-T cell interactions can be rationally implemented, identification and 

molecular characterization of the interactions that have a positive effect on schistosome 

development is essential.   
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One caveat of our results in comparing the transfer of primed or naïve CD4
+
 T 

cells into RAG
-/-

 mice  is that due to homeostatic proliferation in the RAG
-/-

, the naïve 

CD4
+
 T cells acquire the same phenotype as that of primed CD4

+
 T cells. Therefore, 

comparing primed or naïve CD4
+
 T cells on their ability to facilitate worm development, 

is difficult to assess.  To overcome this problem, future experiments should explore the 

possibility of transferring primed and naïve CD4
+
 T cells into mice that lack the T cell 

receptor /  only. These TCR
-/-

 mice are not able to mount CD4
+
 T cell responses, but 

have intact B and  T cell compartments and therefore do not support such extensive 

homeostatic proliferation. Avoiding the impact of homeostatic proliferation on our 

transfer experiments will help us to better assess the effect of primed or naïve CD4
+
 T 

cells on their ability to facilitate worm development. 
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TGF-  and IL-10 in schistosome worm growth and development 

Because our data clearly show that a regulatory T cell response to schistosome 

worms is induced during the early stages of schistosome infection, we hypothesized that 

this represents an important immune evasion strategy for the parasite, allowing it to 

prevent potentially damaging effector responses and escape immune destruction. 

However, IL-10-deficient mice are as susceptible to primary schistosome infection as 

wild type mice (Wynn et al., 1998) and worm development proceeds normally in these 

animals, leading us to hypothesize that other regulatory mechanisms can compensate for 

the loss of IL-10 in IL-10
-/-

 mice. One potential redundant mechanism that could play this 

compensatory role is the cytokine TGF- , which was previously shown to inhibit 

immune elimination of worms in a murine model of Trichinella spiralis infection 

(Beiting et al., 2007). We therefore evaluated the role of redundancy in regulatory 

responses as a potential strategy used by schistosomes to evade protective immune 

responses in early infection by inhibiting IL-10 and TGF-  signaling simultaneously. Our 

data show that in an in vivo context, neutralizing TGF-  in IL-10
-/-

 mice causes an 

increase in pro-inflammatory responses and has an inhibitory effect on S. mansoni 

growth. This effect was not observed when either TGF-  or IL-10 was absent alone, 

indicating that there is redundancy in TGF-  and IL-10 regulatory functions. 

Furthermore, there are potentially other regulatory mechanisms (Belkaid, 2007) that may 

be induced by schistosomes during early infection, resulting in simultaneous activity of 

multiple, functionally overlapping regulatory mechanisms that keep protective effector 

mechanisms in check. Inhibition of several regulatory mechanisms at once, for example 

by neutralizing IL-10 and TGF- , blocking adenosine signaling by A2AR inhibitors, and 
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blocking CTLA-4 signaling, may therefore represent a strategy for enhancing the efficacy 

of treatments and vaccinations aimed at eliminating or preventing schistosome infection. 

However, simultaneous inhibition of multiple immune regulatory mechanisms runs the 

risk of allowing excessive inflammation or autoimmune responses to occur (Belkaid, 

2007), with potentially serious implications for the health of the host, and should be taken 

into consideration. 

Multiple components of a functional TGF-  pathway, including different TGF-  

receptor family members, have been characterized on the surface of S. mansoni worms 

(Forrester et al., 2004; Osman et al., 2001; Osman et al., 2006). These include receptors 

that may be important in worm development and a recently identified TGF-  family 

ligand that may play a crucial role in egg development (Freitas et al., 2007). Because of 

the surface localization of some the TGF-  family receptors, it has been hypothesized 

that the ligands for schistosome TGF-  receptors are of host origins (Beall and Pearce, 

2001, 2002). Importantly, there is also a possibility that TGF-  ligands from schistosome 

worms could act as ligands to initiate signaling in host cells, leading to production of 

further host TGF-  and establishment of a positive feedback mechanism (Freitas et al., 

2007). Therefore, in addition to neutralizing host TGF- , blocking schistosome TGF-  

pathway components by using RNAi strategies to knockdown TGF-  receptor genes on 

schistosomes such as SmT  RI (Davies et al., 1998a) and SmT  RII (Osman et al., 2006), 

could result in multiple detrimental effects on the parasite and may be of practical use in 

controlling schistosome infections.  
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Concluding Remarks 

In summary, we show that while schistosome infection rapidly induces a 

regulatory immune response, the phenotype and specificity of the CD4
+
 T cell response 

does not appear to play a crucial role in providing the positive signals that schistosomes 

need from CD4
+
 T cells to complete their development normally. These findings point 

the way to a novel strategy for developing new and more effective therapeutic and 

prophylactic measures for combating schistosomiasis. This strategy will combine 

inhibition of regulatory mechanisms to counter immune evasion by schistosomes, while 

also augmenting effector mechanisms that eliminate schistosomes, which should be 

possible without potentiating positive signals for parasite development. Implementation 

of this approach will first require molecular characterization of the mechanisms by which 

schistosomes induce regulatory responses and by which the immune system most 

effectively eliminates schistosomes. While there is considerable data in the literature on 

the latter mechanisms (Hewitson et al., 2005), the former remain obscure. Finally, 

molecular characterization of the mechanisms by which CD4
+
 T cells facilitate parasite 

development may identify additional host-parasite interactions that can be manipulated to 

benefit the host, providing a three-pronged approach to managing a pathogen that evades 

and co-opts immune function with remarkable success. 
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