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Abstract – Toxoplasma gondii is a threat for immunocompromized individuals, and no treatment is available for
enhancing immunity against infection. Molecular adjuvants may improve the efficacy of DNA vaccine-induced T cell
immunity. Here, we report that cocktailed DNA immunization with ROP5 and ROP18 boosted immune responses
induced by a single DNA immunization with ROP5 or ROP18, but also that co-administration of molecular adjuvant
IL-33 enhanced immune efficacy induced by this cocktailed DNA vaccination. These improved immune responses
were characterized by higher Toxoplasma-specific IgG2a titers, Th1 responses associated with the production of
IFN-c, IL-2, IL-12, as well as cell-mediated activity with higher frequencies of CD8+ and CD4+ T cells. More impor-
tantly, this enhanced immunity has the ability to confer remarkable protection against a high dose lethal challenge of
the T. gondii RH strain and thus against chronic infection with the T. gondii PRU strain. These data show that IL-33 is a
promising immunoadjuvant to facilitate humoral as well as cellular immunity in a vaccine setting against T. gondii, and
suggest that it should be evaluated in strategies against other apicomplexan parasites.
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Résumé – La cytokine IL-33 utilisée comme adjuvant améliore l’immunité protectrice du vaccin à cocktail
d’ADN de ROP5 et ROP18 contre l’infection à Toxoplasma gondii chez la souris. Toxoplasma gondii est une
menace pour les individus immunodéprimés et aucun traitement n’est disponible pour renforcer l’immunité contre
l’infection. Les adjuvants moléculaires peuvent améliorer l’efficacité de l’immunité des cellules T induite par un
vaccin à ADN. Ici, nous rapportons que l’immunisation par le cocktail d’ADN de ROP5 et ROP18 a stimulé les
réponses immunitaires induites par une seule immunisation par l’ADN de ROP5 ou ROP18, mais aussi que la
co-administration de l’adjuvant moléculaire IL-33 a amélioré l’efficacité immunitaire induite par cette vaccination
par cocktail d’ADN. Ces réponses immunitaires améliorées ont été caractérisées par des titres d’IgG2a spécifiques à
Toxoplasma plus élevés, des réponses Th1 associées à la production d’IFN-c, IL-2, IL-12 ainsi qu’une activité à
médiation cellulaire où les fréquences des cellules T CD8+ et CD4+ étaient plus élevées. Plus important encore,
cette immunité renforcée a la capacité de conférer une protection remarquable contre une provocation létale par
haute dose de la souche RH de T. gondii et donc contre une infection chronique par la souche PRU de T. gondii.
Ces données montrent qu’IL-33 est un immunoadjuvant prometteur pour faciliter l’immunité humorale et cellulaire
dans un contexte de vaccination contre T. gondii et suggèrent qu’il devrait être évalué dans des stratégies contre
d’autres parasites apicomplexes.

Introduction

Toxoplasma gondii is an obligate intracellular parasite that
can infect most warm-blooded animals, leading to zoonotic
infections [11, 14, 23]. By invading and replicating in nucleated

cell in immunocompromized individuals and unborn fetuses,
T. gondii can cause severe disseminated disease in adults and
congenital defects in newborns, respectively [22, 33, 34].
Toxoplasmosis also may cause abortion and neonatal loss in
livestock, resulting in considerable economic losses, especially
in pigs and sheep [28]. Due to the fact that chemical treatments
are insufficient to eliminate tissue cysts, as well as residual drug
in food and drug-resistant parasites, the development of a*Corresponding author: chenjia@nbu.edu.cn
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vaccine is a public health priority as an alternative strategy
against T. gondii infection.

Current vaccine designs have focused on the identification
of candidates against toxoplasmosis in mice models, including
a variety of virulence factors of T. gondii, consisting of surface
antigens (SAGs), micronemal (MIC) proteins, dense-granule
antigens (GRAs), and rhoptry proteins (ROPs) [37, 39]. Among
these well-defined antigens, ROP18, ROP16, ROP5, and
ROP17 have been identified as major virulence loci mediating
T. gondii virulence in mice [8, 10]. Recent studies have shown
that both the ROP5 and ROP18 alleles are key murine virulence
factors across global T. gondii strains [26]. Moreover, cock-
tailed DNA vaccination has yielded more promising protective
efficacy than that of single-gene DNA immunization [3, 39].
As a result, these encouraging findings have led us to assume
that DNA vaccination with ROP5 and ROP18 may evoke
robust protective responses against toxoplasmosis in mice,
which may be comparable to host responses induced by
DNA immunization with GRA15 and ROP5 [3].

Since adjuvants are known to shape the quantity and quality
of immune responses, they are commonly used as critical
components in most clinical vaccines, and are thus used to drive
and specifically direct the desired responses [25]. Currently,
DNA-based vaccines in conjunction with cytokine adjuvants
have been developed, and this strategy has also been found
to be particularly promising for boosting the adaptive immune
response against infectious disease or antitumor cell-mediated
immune responses [6, 27]. Our previous attempts to incorporate
adjuvant cytokines have been shown to help improve the
potency of DNA-based vaccines, such as IL-18, IL-21/IL-15,
and IL-7/IL-15 [4, 17, 36]. Therefore, molecular adjuvants
including cytokines, are actively being recognized as an ideal
way to improve the efficacy of vaccines. As a member of the
IL-1 cytokine family, IL-33 has emerged as a pro-inflammatory
cytokine and has recently been reported to drive protective anti-
viral CD8+ T cell responses [2, 30]. Moreover, IL-33 can act as
a novel immunoadjuvant to augment vaccine-induced protec-
tive antiviral CD8+ T cell responses and thus to improve T cell
responses induced by an anti-tumor DNA vaccine [29, 31].

Therefore, the objectives of this study were to determine
whether DNA vaccination with pVAX-ROP5 and/or pVAX-
ROP18 could prime the protective immunity against infection
with two different T. gondii strains in mice. Also, we con-
structed eukaryotic expression plasmids pVAX-IL-33, to
assess the immune-enhancing effect of cytokine adjuvants by
co-delivery with pVAX-ROP5 and pVAX-ROP18.

Materials and methods

Animals and parasites

Six- to eight-week-old specific pathogen-free female
Kunming mice were purchased from Zhejiang Laboratory
Animal Center, Hangzhou, China. All animals were maintained
in strict accordance with the Good Animal Practice require-
ments of the Animal Ethics Procedures and Guidelines of the
People’s Republic of China. Animal experiments were
approved by the ethics committee of Ningbo University
(permission: SYXK(ZHE)2013-0191).

Tachyzoites of the T. gondii RH strain (type I) were used
for this study, and were maintained in our laboratory and pre-
pared from human foreskin fibroblast (HFF) cells. HFF cells
were cultured with Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 2% fetal bovine serum (FBS)
(Gibco, Carlsbad, CA, USA). The obtained tachyzoites were
used for total RNA extraction (RNApre Pure Tissue Kit,
Sangon Biotech, China) and the preparation of Toxoplasma
lysate antigen (TLA), as described in our previous studies
[17]. The tissue cysts of the low-virulence PRU strain were pro-
pagated and harvested, as described in our previous studies [4],
and were used for mice challenge.

Construction of the eukaryotic expression
plasmids

Total RNA was isolated from spleens of Kunming mice,
and was prepared as described previously, by using TRIzol
reagent (Invitrogen), according to the manufacturer’s instruc-
tions. The complete open-reading frame of IL-33 was obtained
by RT-PCR amplification from total RNA using specific
primers F1 (forward primer: 50 – GGGGTACC ATGACGTC-
GCAGCTCGCTACT – 30, reverse primer: 50 – GCTCTAGA
CACTGAACTGATAGGCGCAG – 30), in which Kpn I and
Xba I restriction sites were introduced (bold).

The obtained PCR product was inserted into the pMD-18 T
Vector (TaKaRa, China), generating pMD-IL-33. The IL-33
fragments were cleaved by Kpn I and Xba I from pMD-IL-33
and then subcloned into pVAX I (Invitrogen), which was
cleaved by Kpn I and Xba I, by T4 DNA ligase to generate plas-
mid pVAX-IL-33. The recombinant plasmids were identified
by PCR, double restriction enzyme digestion, and sequencing.
The positive plasmids were purified from transformed Escher-
ichia coli DH5a cells by anion exchange chromatography
(EndoFree plasmid giga kit, Qiagen Sciences, MD, USA),
according to the manufacturer’s instructions. The concentra-
tions of plasmids were determined by spectrophotometer at
OD260 and OD280, and then dissolved in sterile phosphate-
buffered saline (PBS) with a final concentration of 1 mg/mL
and stored at –20 �C until use.

Expression of recombinant plasmid in vitro

In order to confirm the expression of pVAX-IL-33 in vitro,
HEK 293-T cells were transfected with recombinant plasmids
pVAX-IL-33 using LipofectamineTM 2000 reagent (Invitro-
gen), according to the manufacturer’s instructions. As the nega-
tive control, HEK 293-T cells were transfected with empty
pVAX I. At 48 h after transfection, the supernatants of the cells
transfected with pVAX-IL-33 were tested using ELISA kits
according to the manufacturer’s instructions (Mouse IL-33
ELISA Kit, abcam), as previously described [4, 17].

Immunization and challenge

A total of eight groups of Kunming mice were used for this
experiment (Table 1). Among these groups, five (n = 25 in each
group) were immunized with 100 lg of plasmid DNA dis-
solved in 100 lL sterile PBS, and there were three control
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groups (blank, PBS, and empty pVAX I vector control). For
DNA immunization, mice were inoculated intramuscularly at
the bilateral quadriceps with the same dose three times, at a
two-week interval.

Two weeks after the last immunization, 10 mice per group
were challenged intraperitoneally with 1 � 103 tachyzoites of
the highly virulent T. gondii RH strain, as the acute challenge
infection, and their survival was recorded daily until all mice
had died. As the chronic challenge infection, another six mice
in each group were inoculated orally with 6 PRU tissue cysts,
and the mean number of cysts per brain was determined, as
described in our previous studies [3, 40]. The parasite reduction
rate of brain cysts is relative to that of the blank control.

Two weeks after the last immunization, a total of nine mice
per group were sacrificed and splenocytes were aseptically
harvested for flow cytometric analysis (n = 3 mice), measure-
ment of spleen cell proliferation (n = 3 mice), and cytokine
(n = 3 mice).

Toxoplasma gondii-specific antibody response

Blood samples were collected from the mouse tail vein
prior to each immunization and challenge (at weeks 0, 2, 4,
and 6), and serum samples were separated after clot retraction
and stored at –20 �C until analysis. Pre-immune (at weeks 0)
serum samples were used as negative controls. The levels of
anti-T. gondii IgG, IgG1 and IgG2a in serum samples were
detected using an SBA Clonotyping System-HRP Kit (Southern
Biotech Co., Ltd., Birmingham, AL, USA), according to the
manufacturer’s instructions and as previously described [3].
The absorbance was measured at 405 nm using ELISA reader
(Bio-TekEL � 800, USA). All samples were run in triplicate.

Spleen cell proliferation to T. gondii soluble
antigen

Two weeks after the last immunization, spleens from three
mice in each group were aseptically removed. The splenocytes

were harvested by pushing the spleens through a nylon net
(200 meshes), and lysed by erythrocyte lysis buffer solution
(Sangon, China). The purified splenocytes were adjusted in
density to 2 � 105 cell/mL, and were re-suspended in DMEM
medium supplemented with 2% fetal calf serum (FCS). Then,
the splenocytes were plated onto 96-cell plates and cultured
with TLA (10 lg/mL), concanavalin A (Con A; 5 lg/mL) or
medium alone used as positive and negative controls, respec-
tively. After incubation for 44 h at 37 �C in a 5% CO2,
10 lL of CCK-8 reagent (Enhanced Cell Counting Kit-8,
Beyotime, China) were added to each well and the splenocytes
were incubated for a further 4 h. Proliferative activity was
evaluated by measuring absorbance at 570 nm. The stimulation
index (SI) for each group = (OD570TLA/OD570pVAX):
(OD570ConA/OD570pVAX). All experimental and control
samples were run in triplicate.

Characterization of spleen lymphocytes
by flow cytometry

Lymphocytes were isolated from spleen, as described
above. According to the method described in our previous stu-
dies [3, 40], surface staining was performed by incubation with
surface markers, including phycoerythrin-(PE)-labeled anti-
mouse CD3, allophycocyanin (APC)-labeled anti-mouse CD4,
and fluorescein isothiocyanate (FITC)-labeled anti-mouse
CD8 (eBioscience). The cell suspension was then fixed with
FACScan buffer (PBS containing 1% BSA and 0.1% sodium
azide) and 2% paraformaldehyde. All data were acquired
through a FACScan flow cytometer (BD Biosciences, USA).
The analysis was performed with the data from three indepen-
dent experiments.

Cytokine assay

Splenocytes harvested from each group were co-cultured
with TLA (10 g/mL) and medium alone (negative control) in
flat-bottom 96-well microtiter plates. Culture supernatants were

Table 1. Summary of treatments performed in study mice.

Group Treatments (of 100 lL PBS) Total
sample size

Route of
administration

Sample
size in HIa

Sample size
in CMIb

Sample size in
challenges

I Control 25 – 3 9 10c, 6d

II 100 lL PBS 25 Thigh muscle 3 9 10c, 6d

III 100 lg pVAX1 25 Thigh muscle 3 9 10c, 6d

IV 100 lg pVAX-IL33 25 Thigh muscle 3 9 10c, 6d

V 100 lg pVAX-ROP5 25 Thigh muscle 3 9 10c, 6d

VI 100 lg pVAX-ROP18 25 Thigh muscle 3 9 10c, 6d

VII 50 lg pVAX-ROP5 + 50 lg pVAX-ROP18 25 Thigh muscle 3 9 10c, 6d

VIII 33 lg pVAX-IL33 + 33 lg pVAX-ROP5
+ 33 lg pVAX-ROP18

22 Thigh muscle 3 9 10c, 6d

a To assess humoral immunity (HI), sera were collected from the tail vein prior to immunization from three mice per group.
b To assess cell-mediated immunity (CMI), through the lymphocyte proliferation assay (n = 3 mice), cytokine measurements (n = 3 mice), and
flow cytometric analysis (n = 3 mice), spleens were aseptically removed from nine mice per group two weeks after the last immunization.

c Two weeks after the final inoculation, the mice in all groups were challenged intraperitoneally with 1 � 103 tachyzoites of T. gondii
RH strain.

d Two weeks after the final inoculation, the mice in all groups were challenged intragastrically with 20 cysts of T. gondii PRU strain.
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harvested and assayed for IL-2 and IL-4 at 24 h, IL-10 at 72 h
and IL-12(p40), IFN-c and IL-12 (p70) at 96 h using commer-
cial ELISA kits, according to the manufacturer’s instructions
(BioLegend, USA) and previous studies [3, 40]. The analysis
was performed with the data from three independent
experiments.

Statistical analysis

All statistical analyses were processed by SPSS18.0 Data
Editor (SPSS, Inc., Chicago, IL, USA). The differences in
antibody responses and lymphoproliferation assays, cytokine
production, percentages of CD4+ and CD8+ T cells, and brain
cyst loading were compared between groups by one-way
ANOVA. The differences were considered statistically signifi-
cant if p < 0.05.

Results

Identification of IL-33 gene expression in vitro

By using capture ELISA kits, the expression of pVAX-
IL-33 was confirmed in vitro, in accordance with the measure-
ment range 31.2 pg/mL – 2000 pg/mL for IL-33. High levels of
IL-33 (347 pg/mL) were detected in the supernatant of HEK
293-T cells transfected with pVAX-IL-33, while no detected
levels of IL-33 were observed in cells transfected with the
empty pVAX I.

Antibody detection

To investigate humoral immune response induced by all
immunized mice, serum samples were obtained prior to each
immunization and challenge (at weeks 0, 2, 4, and 6), and
the titers of IgG and subclasses IgG (IgG1 and IgG2a) in the
experimental groups and the three control groups were detected
by standard ELISA. As shown in Figure 1A, statistically
significantly higher levels of IgG were found in the sera of
all experimental groups, and specific antibody levels did signif-
icantly increase with continuous immunization, while no
increase of antibody titers occurred among the three control
groups. It was also shown that the highest antibody levels were
in the group that received pVAX-IL-33 + pVAX-ROP5 +
pVAX-ROP18, intermediate antibody levels in the group that
received pVAX-ROP5 + pVAX-ROP18, and the lowest
antibody levels in the sera of mice immunized with pVAX-
ROP5 or pVAX-ROP18 alone. However, no significant
difference was observed between the pVAX-ROP5 and
pVAX-ROP18 groups (p > 0.05).

As shown in Figure 1B, the levels of IgG1 and IgG2a, and
thus the ratio of IgG2a – IgG1 were significantly increased in
the immunized mice, in contrast to the three control groups
(blank control, PBS and pVAX I) (p < 0.05). These results indi-
cated that a predominant Th1 type immune response was
elicited successfully. Meanwhile, the ratios of IgG2a/IgG1 were
higher in mice immunized with pVAX-ROP5 + pVAX-ROP18
in comparison with those with single DNA immunization
with pVAX-ROP5 or pVAX-ROP18. Co-administration of

pVAX-IL-33 with pVAX-ROP5 + pVAX-ROP18 induced
the highest IgG2a/IgG1 ratio. However, no significant differ-
ence in the IgG2a/IgG1 ratio was observed between the
pVAX-ROP5 and pVAX-ROP18 groups (p > 0.05).

Splenocyte proliferation

To analyze the proliferation of splenocytes, splenocytes
from immunized mice and non-immunized mice were harvested
two weeks after the last immunization, and the assay was
carried out by stimulation of splenocytes with TLA or ConA.
As shown in Table 2, the highest lymphocyte proliferation
stimulation index (SI) was found in the group of mice immu-
nized with pVAX-ROP5 + pVAX-ROP18 in comparison with
those from mice immunized pVAX-ROP5 or pVAX-ROP18
alone (p < 0.05). Co-injection with pVAX-IL-33 and pVAX-
ROP5 + pVAX-ROP18 enhanced the SI of pVAX-ROP5 +
pVAX-ROP18 significantly. However, no significant difference
in SI was observed between the pVAX-ROP5 and pVAX-
ROP18 groups (p > 0.05).

Flow cytometry analysis of lymphocytes
subpopulations

Followed by surface staining with surface markers, the
percentages of CD3+ CD8+ CD4-T cell subset and CD3+
CD4+ CD8-T cell subset in spleens of mice from each group
were analyzed by flow cytometry. As shown in Figure 2, the
percentages of the CD3+ CD8+ CD4-T and CD3+ CD4+
CD8-T lymphocyte subsets in mice immunized with pVAX-
ROP5 or pVAX-ROP18 were much higher than those in the
blank, PBS, pVAX I control group (p < 0.05). Also, the com-
bination of pVAX-ROP5 and pVAX-ROP18 showed a higher
percentage of the CD3+ CD8+ CD4-T and CD3+ CD4+
CD8-T lymphocyte subsets than the percentage induced by
DNA immunization with pVAX-ROP5 or pVAX-ROP18
alone. Moreover, co-injection of pVAX-IL-33 and pVAX-
ROP5 + pVAX-ROP18 boosted this immune response induced
by multiple-gene DNA immunization.

Cytokine production

Supernatants were collected from splenocytes, which were
harvested from immunized mice and non-immunized mice
two weeks after the last immunization and cultured under
TLA stimulation, and were then used to evaluate the amount
of cytokines, including IFN-c, IL-2, IL-12p70, IL-12p40,
IL-10, IL-4, and IL-10. Similarly to the results for the flow cyto-
metry analysis and antibody detection, the productions of IFN-c
and IL-2 in all immunized mice were significant higher than in
controls. Moreover, smaller amounts of IL-12p70 and IL-12p40
were detected in mice in the experimental groups compared to
the control groups (p < 0.05). The increased productions of
IFN-c, IL-2, IL-12p70, and IL-12p40 in all immunized mice
were similar to the results of the flow cytometry analysis and
antibody detection. Also, the levels of IL-4 and IL-10 were
increased in supernatants from spleen cells from the pVAX-
ROP5, pVAX-ROP18, pVAX-ROP5 + pVAX-ROP18, and
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pVAX-IL-33 + pVAX-ROP5 + pVAX-ROP18 groups com-
pared to the controls (p < 0.05) (Fig. 3). However, the levels
of IL-4 and IL-10 cytokines showed no statistically significant
differences with those in the three controls (p > 0.05).

Protective efficacy in vaccinated mice

Mortality was observed daily after challenge with 1 � 103

tachyzoites of the RH strain administered intraperitoneally until
all the mice in the experimental and control groups had died. As
shown in Figure 4, the immunized mice had a significantly pro-
longed survival time compared to mice in the PBS, blank and
pVAX I control groups. All the mice in the three control groups
died within seven days (p > 0.05), with 16.4 ± 3.8 days in the
pVAX-ROP5 group, 19.6 ± 4.7 days in the pVAX-ROP18
group, 21.1 ± 5.2 days in the pVAX-ROP5 + pVAX-ROP18
group, and 28.7 ± 5.4 days in the pVAX-IL-33 + pVAX-
ROP5 + pVAX-ROP18 group (p < 0.05) after challenge with
1 � 103 tachyzoites of the RH strain. There was no significant
difference among the three control groups (p > 0.05).

To evaluate the protective efficacy against chronic infection
with the T. gondii PRU strain, tissue cyst loads were detected in
brains in experimental mice and controls at four weeks after the
third immunization. As shown in Figure 5, there was a signifi-
cant reduction in the number of tissue cysts in the brains of

immunized mice compared to those in the three controls
(p > 0.05), with the average parasite burden reduced by
51.7%, 46.9%, 64.3%, and 80.3% for the pVAX-ROP5,
pVAX-ROP18, pVAX-ROP5 + pVAX-ROP18, and pVAX-
IL-33 + pVAX-ROP5 + pVAX-ROP18 groups, respectively.

Discussion

DNA immunization has been considered an effective
approach to induce protection against intracellular parasites,
including T. gondii, with the ability to induce long-term specific
humoral and cell-mediated immunity in vivo in animal models
[20]. It has been demonstrated previously that a single plasmid
encoding ROP5 or ROP18 is a promising candidate used as a
the DNA vaccine, resulting in partial protective immunity
against T. gondii infection [3, 5], but sterilizing immunity has
not been achieved. In line with these previous studies, our pre-
sent study emphasized again that a monovalent vaccine is not
sufficient for protection due to the complexity of the T. gondii
life cycle [39, 40].

A combination of recombinant ROP5 and ROP18 proteins
could be used as a valuable component of a subunit vaccine
against toxoplasmosis, since a synergistic effect of these two
candidates was suggested [10]. However, no synergistic effect
after bivalent DNA immunization with pVAX-ROP18 and
pVAX-ROP5 was identified. In order to further evaluate the
protective efficacy of these two antigens, we mixed a single
plasmid pVAX-ROP18 and pVAX-ROP5, and tested whether
this could be a potent DNA vaccine against T. gondii infection
in mice models. In the present study, DNA vaccination with
pVAX-ROP5 and/or pVAX-ROP18 induced protective immu-
nity against T. gondii infection. Moreover, immunization with
pVAX-ROP5 and pVAX-ROP18 increased the tendency
toward Th1-type and CD8+ T cell-mediated immune responses
induced by injection with pVAX-ROP5 or pVAX-ROP18
alone, resulting in significantly improved survival time and
reduced brain cyst burden in comparison with that in DNA
immunization with the single-antigen gene plasmid pVAX-
ROP18 or pVAX-ROP5 (p > 0.05). Therefore, together with
previous studies, it has been emphasized again that Th1
immune responses and protective immunity can be enhanced
by cocktailed DNA immunization [3, 40]. Also, our results

Figure 1. Detection of IgG, IgG1, and IgG2a antibodies in the sera of Kunming mice. (A) Determination of IgG antibodies induced by DNA
immunization at weeks 0, 2, 4, 6. (B) Determination of IgG1 and IgG2a in the sera of mice two weeks after the last immunization. Results are
expressed as means ± SD (n = 3) with respect to absorbance at OD405 and statistical differences (p < 0.05) are indicated by (*). The bars
represent the levels of IgG, IgG1, and IgG2a in the serum of mice.

Table 2. Proliferative response of lymphocytes of immunized
Kunming mice after stimulation by Toxoplasma gondii lysate
antigen.

Group (n = 3) Proliferation (SI)

pVAX-IL-33 + pVAX-ROP5 + pVAX-ROP18 5.58 ± 0.07A

pVAX-ROP5 + pVAX-ROP18 4.37 ± 0.05B

pVAX-ROP18 3.39 ± 0.05C

pVAX-ROP5 3.11 ± 0.07C

pVAX-IL-33 1.32 ± 0.04D

pVAX I 1.02 ± 0.03D

PBS 1.03 ± 0.03D

Control 1.02 ± 0.03D

Note: The same letter means that the data are not statistically
significantly different in the column, and different letters means that
the data are statistically significantly different in the column.
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suggest that these two DNA vaccine candidates are attractive
cocktailed targets for further validation and we also propose
that a suitable adjuvant could boost the immunogenicity of this
DNA vaccine cocktail.

As a genetic adjuvant, cytokine genes have been
co-administered to enhance the magnitude and nature of the
immune responses induced by DNA vaccines [6, 27]. IL-33
is a member of the IL-1 family, historically recognized as a
cytokine involved in driving Th2 immune responses, and its
actions exceed Th2 immunity, which plays pleiotropic roles
in contributed to the development of Th1 and CD8 T cells,

particularly targeting intracellular pathogens [2, 19, 29, 30].
Therefore, we examined the potentiality of cytokine gene
IL-33 as a potent molecular adjuvant in a vaccine designed to
improve protection against T. gondii in mice. Our study demon-
strated that the addition of IL-33 to the vaccine given to the
group with DNA immunization with pVAX-ROP5 and
pVAX-ROP18 can improve protective immunity against acute
and chronic T. gondii infection in mice, followed by boosted
humoral immune responses, augmented proliferation of
lymphocytes, and up-regulated predominant Th1-biased and
CD8+ T cell responses. These findings are consistent with

Figure 2. DNA immunization augmented the frequency of antigen-specific T cells in mice. (A) Total numbers of CD3+ CD4+ CD8� T
lymphocytes per spleen. (B) Total numbers of CD3+ CD8+ CD4� T lymphocytes per spleen. Data are means ± SD (representative of three
experiments). *p < 0.05, **p < 0.01, and ***p < 0.001, compared with the control groups.

Figure 3. Cytokine production by splenocytes of immunized Kunming mice after stimulation by toxoplasma lysate antigen (TLA). Each bar
represents mean pg/mL (±SE, n = 3). *p < 0.05.
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our previous observations, showing that the synergy of IL-21
and IL-15, and the synergy of IL-7 and IL-15 could augment
the protective immunity induced by DNA vaccines [4, 17].
Likewise, IL-18 can also act as an immunoadjuvant to improve
DNA vaccine-induced protective anti-T. gondii Th1-biased
responses [36]. Similar outcomes have been shown in which
IL-33, as a potent molecular adjuvant, can augment protective
antiviral CD8+ T cell responses induced by a vaccine and boost
DNA vaccine- induced protective anti-tumor T cell responses
[29, 31]. However, unlike the efficacy induced by injection of
pVAX-IL-21-IL-15 or pVAX-IL-7-IL-15, our study has found

that the administration of pVAX-IL-33 alone could not elicit
protective immunity against T. gondii infection effectively.

Robust humoral response seems to be required to control
T. gondii infection during the course of T. gondii infection
naturally, associated with inhibition of the attachment of the
parasite to host cell receptors, as well as opsonizing the parasite
for phagocytosis and participating in the activation of the
classical complement pathway [24]. In our study, mice in the
immunized groups displayed high specific IgG antibody titers
than controls; in particular, the combination group with
pVAX-ROP5 + pVAX-ROP18 showed higher specific IgG
antibody titers than the single DNA immunization group with
pVAX-ROP5 or pVAX-ROP18. In addition, DNA immuniza-
tion induced a significantly higher ratio of IgG2a to IgG1 titers,
a characteristic of the Th1-type response in contrast to three
control groups. These results are consistent with other studies
that used DNA immunization with certain rhoptry proteins,
which demonstrated that mice immunized with pVAX-
ROP38 or pVAX-ROP5 developed a predominance of specific
IgG2a antibodies [3, 35]. However, our observations are con-
trary to the results for protective immunity induced by recom-
binant RO5 and ROP18 proteins as components of a subunit
vaccine, which elicited a mixed type of immune response with
predominant IgG1 synthesis [10]. Furthermore, co-administra-
tion of pVAX-IL-33 with DNA vaccines exhibited the highest
specific IgG antibodies and ratio of IgG2a–IgG1 compared to
DNA vaccines used alone, demonstrating that pVAX-IL-33
was successful in boosting vaccine-elicited specific antibody
responses.

Th1-type immune response is thought to play a crucial role
in resistance against T. gondii infection [9]. IFN-c, the cytokine
of Th1-type lymphocytes, is confirmed to induce inflammatory
response and thus to control T. gondii load during early stages
of infection [9, 13]. Another important Th1-biased cytokine,
IL-2 could regulate the proliferation and activities of CTLs,
which is important for T. gondii resistance [9]. IL-12 is the
determinant of Th1 cell immune response, which could pro-
mote the production of Th1-biased cytokines such as IFN-c
effectively [13, 15]. IL-23 has the role of promoting the
proliferation of T cells and IFN-c generation, further inducing
memory T cell proliferation [21]. In the present study, signifi-
cantly increased levels of IFN-c, IL-12p70, IL-23, and IL-2
were detected in all the groups of immunized mice, suggesting
that Th1-type mediated immunity was elicited by these DNA
candidate injections in mice successfully, which is essential
for prolonged survival and reduced brain cysts in the immu-
nized mice. Meanwhile, the combination with pVAX-ROP5
and pVAX-ROP18 boosted this Th1-type-mediated immunity
in comparison with a single DNA immunization with pVAX-
ROP5 or pVAX-ROP18, emphasizing that a multiple-gene
DNA vaccine could elicit greater Th1-type immune responses
than a single-gene DNA vaccine [18, 40]. The most signifi-
cantly improved Th1-biased responses, together with the best
Th1-type immune responses and the ratio of IgG2a/IgG were
also found in mice immunized with pVAX-ROP5 + pVAX-
ROP18 supplemented with pVAX-IL-33, which is similar with
the efficacy induced by certain other adjuvant cytokines [4, 17].
Nevertheless, slightly increased levels of IL-4 and IL-10 have
been observed in immunized mice, which are associated with

Figure 4. Protection against chronic toxoplasmosis in immunized
mice two weeks after the last booster immunization. The bars
represent the mean cyst burden per mouse brain after challenge
orally with a dose of 10 cysts of the PRU strain. Cyst load was
counted from whole brain homogenates of mice four weeks after
challenge. Data are means ± SD (representative of three experi-
ments). ***p < 0.001, compared with the control groups.

Figure 5. Survival curves of Kunming mice after challenge of T.
gondii RH strain. The mice (10 per group) in all groups were
challenged with 1 � 103 tachyzoites of the virulent T. gondii RH
strain intraperitoneally. Three control groups (PBS, pVAX I and
blank control) had 0% survival at day 7. Immunized groups had
prolonged survival time of mice.
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Th2-type immune responses, but multiple-gene DNA immuni-
zation in synergy with or without pVAX-IL33 has not changed
this characteristic induced by single-gene DNA immunization.
These results indicate that the specific cellular immune
responses induced by these DNA immunizations were primarily
skewed to Th1-biased immune responses.

During T. gondii invasion, T-cell-mediated immunity is also
dominant in the process of host immune response for mediating
resistance to T. gondii infection [12, 39]. In particular, CD8+
T cells are specialized cytotoxic T lymphocyte cells that
mediate lysis of T. gondii by the production of IFN-c or
perforin-mediated cytolysis, in synergy with CD4+ T cells
[7, 9]. The data in the present study were consistent with some
previous reports, underlying the protective effects of these
vaccines [18, 35, 38], with the activated proliferative response
of lymphocytes and significant increase in both CD8+ and
CD4+ T cells in immunized mice. These high levels of CD4+
and CD8+ T cells further emphasized that type-Th1 immune
response holds a dominant position in resistance against
T. gondii infection followed by single-gene DNA immunization,
which was also boosted by multiple-gene DNA immunization.
Previous studies have shown that the inclusion of IL-33 could
increase the frequency of HIV or LCMV-specific CD8+ T cells
induced by immunization [30, 31]. In support of these findings,
co-injection of pVAX-IL-33 with pVAX-ROP5 + pVAX-
ROP18 elicited greater numbers of CD4+ and CD8+ T cells,
indicating that this enhanced functionally activated T cells was
more beneficial to the development of protective immunity
against T. gondii.

Previous studies have found that rhoptry proteins ROP5 and
ROP18 are major murine virulence factors in globally distribu-
ted strains of T. gondii [1, 26]. Also, both immunization with
ROP5 or ROP18 could induce effective cross-protection
between genotypes I and II [16, 32]. Therefore, the primary
goal of this DNA vaccine construct is to provide further
protective immunity against both acute and chronic toxoplas-
mosis among different T. gondii strains. In this study, we per-
formed the challenge models in mice, with a lethal infection
with the wild-type (type I) RH strain, and the low-virulence
cyst-forming PRU strain (type II). Our results showed that
DNA immunization with pVAX-ROP5 and pVAX-ROP18
induced a significantly longer survival time, and lower brain
cyst numbers than a single DNA immunization, suggesting that
this combination is an available DNA vaccine cocktail, which is
also beneficial for inductive cross-protection between different
genotypes of T. gondii. These findings support the previous
observation, which demonstrated protective efficacy induced
by ROP5- or ROP18-based DNA vaccines [3]. However, it is
contrary to the protective efficacy induced by recombinant
RO5 and ROP18 proteins as components of a subunit vaccine,
showing no significant synergetic effect after bivalent immuni-
zation with ROP5 + ROP18 [10]. Furthermore, co-delivery
IL-33 to this DNA vaccine cocktail enhanced its protective
efficacy, demonstrating that IL-33 could be used as a genetic
adjuvant to improve protective immunity against T. gondii
infection.

In conclusion, the present study demonstrates that, for
the first time, a potential DNA vaccine cocktail of ROP5 and
ROP18, could elicit specific humoral immune responses,

and Th1-biased responses against acute or chronic T. gondii
infection among different strains of T. gondii in mice.
Co-administration of genetic adjuvant IL-33 enhanced the
protective efficacy of this vaccine cocktail by boosting the
desired adaptive responses against T. gondii challenge, which
may facilitate the development of a better vaccine against
T. gondii, as well as to improve immune responses against other
apicomplexan parasites.

Acknowledgements. The project support was provided by the
National Natural Science Foundation of China (Grant No.
31402190), and the China Postdoctoral Science Foundation (Grant
No. 132764).

Conflict of interest

The authors declare that they have no conflict of interest.

References

1. Behnke MS, Khan A, Lauron EJ, Jimah JR, Wang Q, Tolia NH,
Sibley LD. 2015. Rhoptry proteins ROP5 and ROP18 are major
murine virulence factors in genetically divergent south american
strains of Toxoplasma gondii. PLoS Genetics, 11(8), e1005434.

2. Bonilla WV, Frohlich A, Senn K, Kallert S, Fernandez M,
Johnson S, Kreutzfeldt M, Hegazy AN, Schrick C, Fallon PG,
Klemenz R, Nakae S, Adler H, Merkler D, Lohning M,
Pinschewer DD. 2012. The alarmin interleukin-33 drives
protective antiviral CD8(+) T cell responses. Science, 335
(6071), 984–989.

3. Chen J, Li ZY, Petersen E, Huang SY, Zhou DH, Zhu XQ.
2015. DNA vaccination with genes encoding Toxoplasma
gondii antigens ROP5 and GRA15 induces protective immunity
against toxoplasmosis in Kunming mice. Expert Review of
Vaccines, 14(4), 617–624.

4. Chen J, Li ZY, Petersen E, Liu WG, Zhu XQ. 2016. Co-
administration of interleukins 7 and 15 with DNA vaccine
improves protective immunity against Toxoplasma gondii.
Experimental Parasitology, 162, 18–23.

5. Chen Y, Yu M, Hemandez JA, Li J, Yuan ZG, Yan H. 2018.
Immuno-efficacy of DNA vaccines encoding PLP1 and ROP18
against experimental Toxoplasma gondii infection in mice.
Experimental Parasitology, 188, 73–78.

6. Decker WK, Safdar A. 2011. Cytokine adjuvants for vaccine
therapy of neoplastic and infectious disease. Cytokine &
Growth Factor Reviews, 22(4), 177–187.

7. Dupont CD, Christian DA, Hunter CA. 2012. Immune response
and immunopathology during toxoplasmosis. Seminars in
Immunopathology, 34(6), 793–813.

8. Etheridge RD, Alaganan A, Tang K, Lou HJ, Turk BE,
Sibley LD. 2014. The Toxoplasma pseudokinase ROP5 forms
complexes with ROP18 and ROP17 kinases that synergize to
control acute virulence in mice. Cell Host & Microbe, 15(5),
537–550.

9. Gigley JP, Fox BA, Bzik DJ. 2009. Cell-mediated immunity to
Toxoplasma gondii develops primarily by local Th1 host
immune responses in the absence of parasite replication. Journal
of Immunology, 182(2), 1069–1078.

10. Grzybowski MM, Dziadek B, Gatkowska JM, Dzitko K,
Dlugonska H. 2015. Towards vaccine against toxoplasmosis:
evaluation of the immunogenic and protective activity of
recombinant ROP5 and ROP18 Toxoplasma gondii proteins.
Parasitology Research, 114(12), 4553–4563.

8 Y.-C. Zhu et al.: Parasite 2020, 27, 26



11. Hakimi MA, Olias P, Sibley LD. 2017. Toxoplasma effectors
targeting host signaling and transcription. Clinical Microbiology
Reviews, 30(3), 615–645.

12. Jongert E, Lemiere A, Van Ginderachter J, De Craeye S,
Huygen K, D’Souza S. 2010. Functional characterization of in
vivo effector CD4(+) and CD8(+) T cell responses in acute
toxoplasmosis: an interplay of IFN-gamma and cytolytic T cells.
Vaccine, 28(13), 2556–2564.

13. Khan IA, Matsuura T, Kasper LH. 1994. Interleukin-12
enhances murine survival against acute toxoplasmosis. Infection
and Immunity, 62(5), 1639–1642.

14. Kochanowsky JA, Koshy AA. 2018. Toxoplasma gondii.
Current Biology, 8(14), R770–R771.

15. LaRosa DF, Stumhofer JS, Gelman AE, Rahman AH, Taylor
DK, Hunter CA, Turka LA. 2008. T cell expression of MyD88
is required for resistance to Toxoplasma gondii. Proceedings of
the National Academy of Sciences of the United States of
America, 105(10), 3855–3860.

16. Lee SH, Kang HJ, Lee DH, Kang SM, Quan FS. 2018. Virus-
like particle vaccines expressing Toxoplasma gondii rhoptry
protein 18 and microneme protein 8 provide enhanced
protection. Vaccine, 36(38), 5692–5700.

17. Li ZY, Chen J, Petersen E, Zhou DH, Huang SY, Song HQ, Zhu
XQ. 2014. Synergy of mIL-21 and mIL-15 in enhancing DNA
vaccine efficacy against acute and chronic Toxoplasma gondii
infection in mice. Vaccine, 32(25), 3058–3065.

18. Li ZY, Lu J, Zhang NZ, Elsheikha HM, Hou JL, Guo HT, Zhu
XQ. 2018. Immunization with plasmid DNA expressing Heat
Shock Protein 40 confers prophylactic protection against
chronic Toxoplasma gondii infection in Kunming mice.
Parasite, 25, 37.

19. Liew FY, Pitman NI, McInnes IB. 2010. Disease-associated
functions of IL-33: the new kid in the IL-1 family. Nature
Reviews Immunology, 10(2), 103–110.

20. Liu MA. 2011. DNA vaccines: an historical perspective and
view to the future. Immunological Reviews, 239(1), 62–84.

21. Matowicka-Karna J, Dymicka-Piekarska V, Kemona H. 2009.
Does Toxoplasma gondii infection affect the levels of IgE and
cytokines (IL-5, IL-6, IL-10, IL-12, and TNF-alpha)? Clinical &
Developmental Immunology, 2009, 374696.

22. Petersen E, Kijlstra A, Stanford M. 2012. Epidemiology of
ocular toxoplasmosis. Ocular Immunology and Inflammation,
20(2), 68–75.

23. Robert-Gangneux F, Darde ML. 2012. Epidemiology of and
diagnostic strategies for toxoplasmosis. Clinical Microbiology
Reviews, 25(2), 264–296.

24. Sayles PC, Gibson GW, Johnson LL. 2000. B cells are essential
for vaccination-induced resistance to virulent Toxoplasma
gondii. Infection and Immunity, 68(3), 1026–1033.

25. Schijns VE, Lavelle EC. 2011. Trends in vaccine adjuvants.
Expert Review of Vaccines, 10(4), 539–550.

26. Shwab EK, Jiang T, Pena HF, Gennari SM, Dubey JP, Su C. 2016.
The ROP18 and ROP5 gene allele types are highly predictive of
virulence in mice across globally distributed strains of Toxoplasma
gondii. International Journal for Parasitology, 46(2), 141–146.

27. Suschak JJ, Williams JA, Schmaljohn CS. 2017. Advancements
in DNA vaccine vectors, non-mechanical delivery methods, and
molecular adjuvants to increase immunogenicity. Human
Vaccines & Immunotherapeutics, 13(12), 2837–2848.

28. Tenter AM, Heckeroth AR, Weiss LM. 2000. Toxoplasma
gondii: from animals to humans. International Journal for
Parasitology, 30(12–13), 1217–1258.

29. Villarreal DO, Weiner DB. 2014. Interleukin 33: a switch-
hitting cytokine. Current Opinion in Immunology, 28, 102–106.

30. Villarreal DO, Wise MC, Walters JN, Reuschel EL, Choi MJ,
Obeng-Adjei N, Yan J, Morrow MP, Weiner DB. 2014.
Alarmin IL-33 acts as an immunoadjuvant to enhance antigen-
specific tumor immunity. Cancer Research, 74(6), 1789–1800.

31. Villarreal DO, Svoronos N, Wise MC, Shedlock DJ, Morrow
MP, Conejo-Garcia JR, Weiner DB. 2015. Molecular adjuvant
IL-33 enhances the potency of a DNA vaccine in a lethal
challenge model. Vaccine, 33(35), 4313–4320.

32. Wang L, Lu G, Zhou A, Han Y, Guo J, Zhou H, Cong H, He S.
2016. Evaluation of immune responses induced by rhoptry
protein 5 and rhoptry protein 7 DNA vaccines against
Toxoplasma gondii. Parasite Immunology, 38(4), 209–217.

33. Wang ZD, Liu HH, Ma ZX, Ma HY, Li ZY, Yang ZB, Zhu XQ,
Xu B, Wei F, Liu Q. 2017. Toxoplasma gondii infection in
immunocompromised patients: a systematic review and meta-
analysis. Frontiers in Microbiology, 8, 389.

34. Wohlfert EA, Blader IJ, Wilson EH. 2017. Brains and brawn:
Toxoplasma infections of the central nervous system and
skeletal muscle. Trends in Parasitology, 33(7), 519–531.

35. Xu Y, Zhang NZ, Tan QD, Chen J, Lu J, Xu QM, Zhu XQ.
2014. Evaluation of immuno-efficacy of a novel DNA vaccine
encoding Toxoplasma gondii rhoptry protein 38 (TgROP38)
against chronic toxoplasmosis in a murine model. BMC
Infectious Diseases, 14, 525.

36. Yan HK, Yuan ZG, Petersen E, Zhang XX, Zhou DH, Liu Q, He
Y, Lin RQ, Xu MJ, Chen XL, Zhong XL, Zhu XQ. 2011.
Toxoplasma gondii: protective immunity against experimental
toxoplasmosis induced by a DNA vaccine encoding the perforin-
like protein 1. Experimental Parasitology, 128(1), 38–43.

37. Zhang NZ, Chen J, Wang M, Petersen E, Zhu XQ. 2013.
Vaccines against Toxoplasma gondii: new developments and
perspectives. Expert Review of Vaccines, 12(11), 1287–1299.

38. Zhang NZ, Huang SY, Xu Y, Chen J, Wang JL, Tian WP, Zhu
XQ. 2014. Evaluation of immune responses in mice after DNA
immunization with putative Toxoplasma gondii calcium-
dependent protein kinase 5. Clinical and Vaccine Immunology,
21(7), 924–929.

39. Zhang NZ, Wang M, Xu Y, Petersen E, Zhu XQ. 2015. Recent
advances in developing vaccines against Toxoplasma gondii: an
update. Expert Review of Vaccines, 14(12), 1609–1621.

40. Zhang NZ, Gao Q, Wang M, Elsheikha HM, Wang B, Wang JL,
Zhang FK, Hu LY, Zhu XQ. 2018. Immunization with a DNA
vaccine cocktail encoding TgPF, TgROP16, TgROP18,
TgMIC6, and TgCDPK3 genes protects mice against chronic
toxoplasmosis. Frontiers in Immunology, 9, 1505.

Cite this article as: Zhu Y-C, He Y, Liu J-F & Chen J. 2020. Adjuvantic cytokine IL-33 improves the protective immunity of cocktailed
DNA vaccine of ROP5 and ROP18 against toxoplasma gondii infection in mice. Parasite 27, 26.

Y.-C. Zhu et al.: Parasite 2020, 27, 26 9



An international open-access, peer-reviewed, online journal publishing high quality papers
on all aspects of human and animal parasitology

Reviews, articles and short notes may be submitted. Fields include, but are not limited to: general, medical and veterinary parasitology;
morphology, including ultrastructure; parasite systematics, including entomology, acarology, helminthology and protistology, andmolecular
analyses; molecular biology and biochemistry; immunology of parasitic diseases; host-parasite relationships; ecology and life history of
parasites; epidemiology; therapeutics; new diagnostic tools.
All papers in Parasite are published in English. Manuscripts should have a broad interest and must not have been published or submitted
elsewhere. No limit is imposed on the length of manuscripts.

Parasite (open-access) continues Parasite (print and online editions, 1994-2012) and Annales de Parasitologie Humaine et Comparée
(1923-1993) and is the official journal of the Société Française de Parasitologie.

Editor-in-Chief: Submit your manuscript at
Jean-Lou Justine, Paris http://parasite.edmgr.com/

10 Y.-C. Zhu et al.: Parasite 2020, 27, 26

http://parasite.edmgr.com/

	Introduction
	Materials and methods
	Animals and parasites
	Construction of the eukaryotic expression plasmids
	Expression of recombinant plasmid in vitro
	Immunization and challenge
	Toxoplasma gondii-specific antibody response
	Spleen cell proliferation to T. gondii soluble antigen
	Characterization of spleen lymphocytes �by flow cytometry
	Cytokine assay
	Statistical analysis

	Results
	Identification of IL-33 gene expression in vitro
	Antibody detection
	Splenocyte proliferation
	Flow cytometry analysis of lymphocytes subpopulations
	Cytokine production
	Protective efficacy in vaccinated mice

	Discussion
	Acknowledgements
	Conflict of interest
	References

