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CpG oligodeoxynucleotide ligand potentiates
the activity of the pVAX1-Sj26GST
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Abstract. Schistosomiasis is considered one of the most
important neglected tropical diseases and remains a major
public health problem in endemic countries. Toll-like
receptor (TLR) ligands have been investigated as potential
vaccine adjuvants for tumor and virus immunotherapy.
However, few TLR ligands affecting schistosoma vaccines
have been characterized. In this study, we evaluated a
TLRY ligand (CpG oligodeoxynucleotide 1826, CpG) as an
adjuvant for a partially protective DNA vaccine encoding a
26-kDa glutathione S-transferase of Schistosoma japonicum
(pVAX1-Sj26GST). Vaccination with pVAX1-Sj26GST in
combination with CpG inhibited Treg immunosuppressive
function, upregulated the production of interferon (IFN)-v,
tumor necrosis factor (TNF)-a, interleukin (IL)-4, IL-10,
IL-2 and IL-6, and decreased CD4*CD8*Foxp3* expres-
sion in vitro, which may contribute to the escape from
Treg-mediated suppression during vaccination, allowing
expansion of antigen-specific T cells against pathogens.
In conclusion, our data demonstrated that selective TLR
ligand combination may increase protective efficacy against
schistosomiasis, which may synergistically antagonize
Treg-mediated suppression.

Introduction

Schistosomiasis is considered one of the most important
neglected tropical diseases and remains a major public health
problem in endemic countries (1,2). Although schistoso-
miasis may be effectively treated with praziquantel (3), the
high reinfection rate limits its overall success and repeated
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administration is often required multiple times during the
first two decades (4,5). Therefore, the development of a safe
and effective vaccine may improve the long-term treatment
of schistosomiasis and the efficacy of chemotherapeutic
interventions (6,7). Despite decades of research towards the
development of vaccines against Schistosoma japonicum
(S. japonicum), however, the current schistosoma vaccine only
induces limited protection, the reasons for which have not yet
been elucidated.

A potential factor limiting the response of the immune
system to vaccination is the presence of regulatory T cells
(Tregs) which suppress T-cell activation (8,9). Previous studies
demonstrated that Tregs dampen the immune response against
the pathogen in rats harboring S. japonicum (10,11). Toll-like
receptors (TLRs) are mediators of innate immune responses
detecting conserved pathogen-associated molecules. Thus,
selecting the optimal TLR ligands for a given vaccine
may prove to be a crucial component in maximizing the
anti-pathogen immune response. However, few TLR ligands
affecting the schistosome vaccine have been characterized
thus far (12).

In the present study, we investigated whether the
pVAX1-Sj26GST vaccine in combination with the CpG oligo-
deoxynucleotide (ODN) 1826 (CpG) conferred an improved
immune response against S. japonicum and assessed the
impact of these TLR ligands on the regulatory function of
Tregs in vitro. It was observed that pVAX1-Sj26GST vaccina-
tion combined with CpG led to the detection of higher levels
of interferon (IFN)-y and tumor necrosis factor (TNF)-a in
the supernatant of splenocytes and improved the protection
against S. japonicum. CpG inhibited Treg immunosuppressive
function and upregulated the production of IFN-vy, TNF-a,
interleukin (IL)-4, IL-10, IL-2 and IL-6 in vitro, which may
contribute to the escape from Treg-mediated suppression
during vaccination, allowing expansion of antigen-specific
T cells against pathogens. Immunization combined with the
CpG TLR ligand therefore is a promising novel approach in
the design of schistosome vaccines.

Materials and methods

Animals. Six-week-old C57BL/6 female rats were provided
by the Center of Experimental Animals (Nanjing University,
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Nanjing, China) and bred in university facilities. The animal
experiments were performed in accordance with the Chinese
laws for animal protection and in adherence to experimental
guidelines and procedures approved by the Institutional
Animal Care and Use Committee (IACUC) and the Ethics
Review Committee of Nanjing Medical University for the
use of laboratory animals (permit no. NJMU 09-1107).
Oncomelania hupensis (Chinese mainland snail strain)
harboring S. japonicum cercariae were purchased from the
Jiangsu Institute of Parasitic Diseases (Wuxi, China).

Reagents. The TLR9 ligand CpG, with a nuclease-resistant
phosphorothioate backbone and no detectable endotoxin, was
purchased from the Coley Pharmaceutical Group (Wellesley,
MA,USA). The sequence of CpG was 5" TCCATGACGTTCCT
GACGTT-3". Soluble schistosome worm antigen was prepared
as previously described (13,14). pVAXI1-Sj26GST was
purchased from the Institute of Parasitic Diseases (Nanjing
University, Nanjing, China).

Immunization infection. In each experiment, C57BL/6 rats
were divided into seven groups (n=8/group). Each rat was
intramuscularly injected with pVAX1-Sj26GST (50 ug),
with or without CpG (25 ug). Immunization was repeated
three times at 14-day intervals. Two weeks after the final
vaccination, all the rats from each group were challenged
percutaneously with 40+1 S. japonicum cercariae. After six
weeks, rats were sacrificed and perfused to determine the
adult worm and liver egg burdens. Reductions in worm/liver
egg burdens were expressed as the percentage of the burden
recorded in the control groups.

Cell isolation and culture. Single-cell suspensions were
prepared by teasing apart spleens, inguinal and mesen-
teric lymph nodes from 6 rats/group in PBS containing
1% FCS and 1% EDTA, followed by red blood cell lysis
with Tris-ammonium chloride buffer. CD4* T cells were
purified from single-cell suspensions with a CD4* T Cell
Negative-Isolation kit (Miltenyi Biotec, Auburn, CA, USA)
and a magnetic-activated cell sorter, according to the manu-
facturer's recommendations (>97% CD4* T cells by flow
cytometric analysis).

CD4*CD25* and CD4*CD25 cell populations were
separated from purified CD4* T cells using a mouse regula-
tory T Cell Isolation kit (Miltenyi Biotec), according to the
manufacturer's protocol. The CD25* populations were >95%
CD4*CD25*and the CD4*CD25 populations were 98% pure, as
determined by flow cytometry. CD4*CD25* cells were cultured
in 96-well U-bottom plates with 1x10° antigen-presenting
cells (APCs)/well in triplicate for 72 h at 37°C in complete
RPMI-1640 medium (0.2 ml/well). Cultures were stimulated
with 1 g/ml soluble anti-CD3 (BD Pharmingen, Inc., San
Diego, CA, USA) in the presence or absence of 3 pg/ml CpG.
Proliferation was measured by incubating with 0.5 yCi/well
of *H-thymidine and measuring incorporation during the
final 16 h of a 3-day culturing period. The supernatants were
collected and quantified for IFN-vy, TNF-a, IL-4, IL-10, IL-2
and IL-6 production using the FlowCytomix Mouse Cytokine
kit (Bender MedSystems, Vienna, Austria) according to the
manufacturer's instructions.
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Figure 1. Combination with CpG inhibited the CD4*CD25* Treg func-
tion in vitro. Isolated CD4*CD25 T cells (1x10%/well) from naive rats
were cultured with or without CD4*CD25* Tregs (5x10* /well), irradiated
antigen-presenting cells (APCs) (1x10%/well) and 1 pg/ml anti-CD3 in 96-well
plates in the presence or absence of 3 pzg/ml CpG for 72 h. Proliferation was
determined by measuring *H-thymidine incorporation during the last 16 h of
the experiment. Data are expressed as means =+ standard deviation of three
independent experiments performed in triplicate. “P<0.05; “P<0.01.

Flow cytometry. The Mouse Regulatory T Cell Staining kit
(eBioscience, San Diego, CA, USA) was used for the analysis
of CD4*CD25*Foxp3* T cells. Splenocytes from immunized
or naive rats, in the presence or absence of CpG (3 pg/ml) for
48 h, were surface-stained with PerCP anti-CD3 monoclonal
antibody (eBioscience), FITC anti-CD4 mAbs and APC
anti-CD25 mAbs, followed by fixation and permeabilization
with Cytofix/Cytoperm and were then stained intracellularly
with phycoerythrin mouse anti-Foxp3 immunoglobulin control
antibody, according to the manufacturer's protocol. Data were
collected on a FACSCalibur flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA) and analyzed with FlowJo software
(Tree Star, San Carlos, CA, USA).

Statistical analysis. Data were expressed as the means +stan-
dard deviation. Statistical analysis was performed using SPSS
software version 12.0 (SPSS Inc.,Chicago, IL, USA). Statistical
significance was determined by the Student's t-test and P<0.05
was considered to indicate a statistically significant difference.

Results

CpG inhibits CD4*CD25" Treg function in vitro. TLR9 ligands
have been shown to directly impair Treg function in humans or
rats (15,16). To investigate the effects of CpG and R848 on Treg
activity in our series, CD4*CD25 T cells (responder cells) were
sorted and co-cultured with CD4*CD25* T cells from naive
rats. The results shown in Fig. 1 demonstrate that, following
stimulation with anti-CD3 antibody, CD4*CD25* T cells
were highly effective in suppressing the CD4*CD25" T-cell
proliferation. Conversely, the addition of CpG significantly
inhibited Treg function (Fig. 1). These results suggest that the
combination with CpG reduces Treg frequency in vaccinated
rats in vivo and inhibits Treg function in vitro.
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Figure 2. Combination with CpG induced a panel of proinflammatory cytokines in a conventional in vitro suppression assay. Isolated CD4*CD25" T cells
(1x10°/well) from naive rats were cultured with or without CD4*CD25* Tregs (5x10*/well), irradiated APCs (1x10%/well) and 1 yg/ml anti-CD3 in 96-well
plates in the presence or absence of 3 yg/ml CpG. Supernatants were collected after 72 h of culture and tested for (A) IFN-v, (B) TNF-a, (C) IL-4, (D) IL-10,
(E) IL-2 or (F) IL-6. Data are expressed as the means * standard deviation from two experiments performed in triplicate wells. "P<0.05; “"P<0.01; ““P<0.001.

Combination with CpG induces higher levels of proinflam-
matory cytokines in a conventional suppression assay
in vitro. CpG was shown to significantly increase the levels
of these cytokines in the above-mentioned supernatant. CpG
induced the production of higher IFN-y, TNF-a, IL-4, IL-2
and IL-6 levels. Compared to IL-10 levels, the secretion of
IFN-vy, TNF-a, IL-4, IL-2 and IL-6 was significantly higher
in a conventional in vitro suppression assay following the
addition of CpG (Fig. 2). Thus, these results suggest that the
combination with CpG induced higher levels of proinflamma-
tory cytokines that may help hinder the immunosuppression
of CD4*CD25* Tregs in a conventional in vitro suppression
assay.

CpG reduces induction of Foxp3-expressing T cells in vitro.
Foxp3 expression was analyzed by flow cytometry, which
demonstrated that a significantly reduced percentage of
Foxp3-expressing cells were observed among splenocytes in

the presence of CpG. CpG alone induced a reduction in Foxp3
expression which was not statistically significant compared to
the medium alone (Fig. 3).

Discussion

TLR ligands coordinate innate, adaptive and regulatory
immune responses and as vaccine adjuvants they represent a
promising approach to stimulating strong immune responses
and enhancing vaccine-induced protection (17). TLRO ligands,
including CpG, enhance immune responses to co-delivered
antigens in animal models and are currently being developed for
clinical use as either vaccine adjuvants or immune therapeutics
by Coley Pharmaceuticals (Pfizer, New York, NY, USA) and
Dynavax Technologies. However, the effect of CpG on vaccines
against schistosomiasis, a disease that poses a significant public
health concern in numerous tropical countries, has not been
elucidated and was the subject of this investigation.
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Figure 3. CpG reduced the induction of Foxp3-expressing T cells in vitro. Splenocytes from naive rats were stimulated in vitro with 3 pg/ml CpG for 48 h and
were then subjected to flow cytometry analysis for Foxp3 expression in CD4* T cells. P<0.05.

In the present study, we demonstrated that immunization
with pVAX1-Sj26GST including CpG as an adjuvant may
induce stronger protection compared to pVAX1-Sj26GST
alone or single ligands combined. It was reported that TLR
ligands as adjuvants may elicit more vigorous immune
responses against infection and cancer (17,18). The quantifica-
tion of cytokines in splenocyte culture supernatants indicated
that pVAX1-Sj26GST vaccination induced a significant
increase in IFN-y levels and a reduction in IL-4 and IL-10
levels in vaccinated control pVAX-treated rats. However, the
combination with CpG enhanced the production of IFN-y and
TNF-a, although it also increased the secretion of IL-4 and
IL-10 in rats vaccinated by pVAX1-Sj26GST plus CpG, which,
however, remained lower compared to that in pVAXI-vacci-
nated rats. The elevated IFN-y and TNF-a levels in response
to the combination with CpG may be associated with the
enhancement of protection conferred by pVAX1-Sj26GST
vaccination since the protection induced by several schisto-
soma vaccines was associated with elevated production of
IFN-y and TNF-a (19,20). Our data also suggested that trig-
gering more than one TLR may be an effective approach to
optimize immune responses to vaccination. This finding is
consistent with those of several previous studies (21).

There is evidence that TLR signaling may modulate the
suppressive functions of Tregs (22,23). It has been suggested
that exposure to inflammatory cytokines released by APCs
may render Tregs defective in mediating their suppressive
effects (24). Furthermore, exposure to TNF may inhibit
the function of Tregs by TNF receptor II signaling (25).
Consistent with a previous study which reported that
CD4*CD25" Tregs are able to suppress T-cell proliferation
and cytokine production (26), our study demonstrated that
the presence of CpG in a conventional in vitro suppression
assay induced a panel of inflammatory cytokines, including
IFN-vy, TNF-a, IL-4,IL-10, IL-2 and IL-6, and these elevated
cytokines may inhibit the Treg suppressive function, since a
variety of cytokines have been reported to inhibit Treg func-
tion in autoimmune reactions, including TNF-vy, IL-4, IL-6
and IL-12 (27). Although IL-10, as a major anti-inflammatory

cytokine induced by TLR signaling, inhibits the production of
TLR-induced proinflammatory mediators, such as TNF (13),
this study demonstrated that elevated levels of IL-10 in the
presence of CpG in an in vitro suppression assay were insuffi-
cient to overcome the strong inflammatory response mediated
by the other cytokines.

Furthermore, CpG reduced the expression of Foxp3 in
CD4* T cells in vitro, which is indispensable in Treg devel-
opment and function. Although the in vitro assays of TLR
ligands on Tregs failed to completely mimic the in vivo milieu,
they may lead to the hypothesis that the downregulation of
Foxp3 expression, not only affects Treg function in vitro,
but may also impair Treg generation following vaccination
in vivo, thereby reducing the frequency of CD4*CD25* Tregs
in rats vaccinated by pVAX1-Sj26GST combined with CpG,
since Foxp3 is critical for the development and differentiation
of Tregs and transduction of Foxp3 into naive CD4* T cells
resulted in a suppressive phenotype in rats (14,28). These
results are consistent with a previous study that demonstrated
that activation of DCs by TLR7 ligands leads to the down-
regulation of Foxp3 expression following the initial induction
and consequently reduces Treg numbers in the DC-T-cell
cocultures in vitro. Furthermore, single TLR ligands were
less effective in decreasing CD4*Foxp3* T cells, whereas the
combination of TLR ligands may prevent expansion of Foxp3*
Tregs, thereby improving T-cell responses (29).

In conclusion, this study has demonstrated that CpG may
impair Treg development and function by upregulating the
secretion of pro-inflammatory cytokines. Defective Tregs
provide the effector response freedom to generate protective
immunity when in combination with the vaccine, in order to
elicit the most appropriate immune response in rats.
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