
http://parahostdis.org 340

© 2025 The Korean Society for  
Parasitology and Tropical Medicine

This is an Open Access article distributed under the 
terms of the Creative Commons Attribution Non-

Commercial License (https://creativecommons.org/
licenses/by-nc/4.0) which permits unrestricted non-

commercial use, distribution, and reproduction in any 
medium, provided the original work is properly cited. 

Received: 8 July 2025
Accepted: 14 August 2025

*Correspondence 
fsquan@khu.ac.kr

Citation
Kang HJ, Jin Y, Yang ZS, Ahmed MA,  

Quan FS.
Vaccinia virus expressing MIC8 and AMA1 

provides protection against Toxoplasma 
gondii ME49 infection. 

Parasites Hosts Dis 2025;63(4):340-348.

Abstract
Toxoplasma gondii is an intracellular protozoan parasite capable of causing chronic in-
fection by forming persistent cysts in the brain. Despite its global burden, no approved 
vaccine exists. Virus-like particle vaccines expressing microneme protein 8 (MIC8) or 
apical membrane antigen 1 (AMA1) of T. gondii have previously shown efficacy. In this 
study, we generated recombinant vaccinia viruses (rVVs) expressing MIC8 and AMA1 
and evaluated their efficacy against T. gondii ME49 infection. BALB/c mice were intra-
muscularly immunized with a combination of MIC8 and AMA1 rVVs and challenged oral-
ly with T. gondii ME49. Immunization with MIC8+AMA1 rVVs produced a significant in-
crease in T. gondii-specific IgG. Splenocyte analysis revealed robust activation of CD4+ 
and CD8+ T cells, as well as expansion of memory B cells. The immunized group exhibit-
ed an 89.6% reduction in brain cyst count, with significantly improved survival compared 
to the control group. These findings demonstrate that combining the antigens MIC8 and 
AMA1 using a vaccinia virus platform can effectively promote both humoral and cellular 
immunity, supporting its potential as a vaccine strategy against T. gondii ME49.
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Introduction

Toxoplasma gondii typically causes asymptomatic infection in healthy individuals, but can 
establish chronic infections by forming persistent tissue cysts that are highly resistant to 
clearance in cases of immunosuppression or congenital transmission [1,2]. Despite its high 
global prevalence, no licensed vaccine is currently available, primarily due to challenges in 
inducing long-term immunity that can control cyst persistence [3]. This chronic stage is 
maintained by the parasite’s ability to evade host immunity, presenting a major obstacle for 
vaccine design.

To date, various vaccine platforms have been explored to develop strategies capable of 
preventing chronic T. gondii infection, including DNA vaccines, protein subunits, virus-
like particles (VLPs), and live-attenuated T. gondii [4]. Among the diverse antigenic targets 
evaluated, microneme protein 8 (MIC8) [5] and apical membrane antigen 1 (AMA1) [6] 
have emerged as promising candidates due to their critical roles in the active invasion pro-
cess. Previous studies utilizing VLP platforms have demonstrated that both MIC8 and 
AMA1 can individually induce strong antigen-specific antibody responses and confer par-
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tial protection against T. gondii infection, including reductions in brain cyst counts and en-
hanced survival [7-10].

In this context, we employed a recombinant vaccinia virus (rVV) platform to enhance 
the protective efficacy of MIC8 and AMA1. Vaccinia virus vectors are known for their abil-
ity to induce both humoral and cellular immune responses, rendering them a complemen-
tary alternative to traditional VLP-based vaccines [11,12]. Although the rVV platform has 
previously been explored for other T. gondii antigens, such as rhoptry proteins 2 and 4, and 
dense granule antigen 4 [13-16], its application to MIC8 or AMA1 has not yet been inves-
tigated. 

In the present study, we constructed rVVs expressing T. gondii MIC8 and AMA1 and as-
sessed their immunogenicity and protective efficacy in a murine model of chronic toxo-
plasmosis. Single-antigen rVV groups were excluded from this study because the immuno-
genicity of MIC8 and AMA1 has already been well characterized in previous VLP studies 
[7,10]. Instead, this study focused on evaluating whether simultaneous immunization with 
MIC8 and AMA1 rVVs could broaden the immune response and confer enhanced protec-
tion against T. gondii ME49 infection.

Materials and Methods 

Ethics statement
All procedures involving live animals were approved by the Kyung Hee University Institu-
tional Animal Care and Use Committee (approval No. KHSASP-20-648). Experiments us-
ing T. gondii were conducted in biosafety level 2 (BSL-2) and animal biosafety level 2 
(ABSL-2) facilities.

Animals and T. gondii preparation
Female BALB/c mice (6 weeks old) were obtained from Nara Biotech (Seoul, Korea) and 
maintained under specific pathogen-free conditions. T. gondii ME49 was maintained 
through serial passages in mice, and tissue cysts were isolated from T. gondii ME49-infect-
ed mouse brains [17,18].

Construction of rVVs expressing MIC8 and AMA1
The sequences of T. gondii MIC8 (GenBank GQ260152.1, protein ADF36594.1) and 
AMA1 (GenBank AF010264.1, protein AAB65410.1) were amplified by polymerase chain 
reaction and cloned into the pRB21 vector. The resulting plasmids were transfected into 
CV-1 cells that had been pre-infected with wild-type vaccinia virus (western reserve strain) 
to generate rVVs. The rVVs were propagated in Vero cells, concentrated by 36% sucrose 
gradient centrifugation, and assessed for antigen expression using ELISA [14].

Immunization and challenge infection
Mice were intramuscularly immunized with a 1:1 mixture of MIC8 and AMA1 rVVs (5×  
105 PFU each, total 1×106 PFU) in 50 μl of phosphate-buffered saline under anesthesia. 
The immunizations were performed twice at 4-week intervals. Four weeks after the boost 
immunization, the mice were orally challenged with 450 cysts of T. gondii ME49.
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Sample collection and preparation
Mouse sera were collected from the retro-orbital sinus 1 week after the prime and boost 
immunizations. Spleens were harvested at 4 weeks after challenge infection for analysis of 
antibody-secreting cells and flow cytometry [9]. To quantify the brain cysts, the brains of 
the animals were collected at the same time point and homogenized in phosphate-buffered 
saline, followed by purification using a sucrose gradient centrifugation method [19]. Ten 
microliters of the resulting suspension were placed on a glass slide, and the number of cysts 
was counted under a light microscope in 3 randomly selected fields. The average number 
of cysts was calculated for each mouse. 

T. gondii-specific antibody detection by ELISA
The levels of T. gondii-specific IgG, IgG2a, IgG2b, and IgA antibodies (SouthernBiotech, 
Birmingham, AL, USA) were measured via ELISA, as described previously [19]. Briefly, 
96-well plates were coated overnight with T. gondii lysate antigen (4 μg/ml), blocked with 
0.2% gelatin, and then incubated with serially diluted serum. Horse radish peroxidase–
conjugated goat anti-mouse antibodies were used as secondary antibodies. The absorbance 
was measured at 450 nm.

Flow cytometry analysis of splenocytes
Cell suspensions were prepared from spleens and stimulated with T. gondii lysate antigen (4 
μg/ml) for 5 h. The cells (5×106) were stained with fluorochrome-conjugated monoclonal 
antibodies against CD3, CD4, CD8, CD62L, CD19, CD27, and B220 (BD Biosciences, San 
Jose, CA, USA). Flow cytometric analysis was conducted using a BD FACS cytometer (BD 
Biosciences), and data were analyzed as described previously [9].

Statistical analysis
All data were analyzed using Prism version 8.4 (GraphPad Software, Boston, MA, USA). 
Differences between groups were assessed using one-way analysis of variance followed by 
Tukey’s post hoc test. The significance levels are indicated as follows: *P<0.05, **P<0.01, 
and ***P<0.001.

Results 

Successful generation of rVVs expressing MIC8 and AMA1 antigens 
To generate rVVs expressing T. gondii MIC8 and AMA1, the corresponding genes were 
cloned into the pRB21 vector and confirmed through restriction enzyme digestion (MIC8 
EcoRI/NheI, AMA1 EcoRI/HindIII) (Fig. 1A). After transfection and infection, individual 
viral plaques were screened using ELISA, and plaques showing the highest T. gondii reac-
tivity were selected and expanded (Fig. 1B). Morphological analysis of purified rVVs by 
transmission electron microscopy revealed characteristic poxvirus-like virions for both 
MIC8 and AMA1 rVVs (Fig. 1C).

Immunization with MIC8+AMA1 rVVs induces T. gondii–specific antibody responses
Serum samples were collected and analyzed by ELISA to assess the antibody response elic-
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ited by MIC8+AMA1 rVVs immunization (Fig. 2). Mice immunized with the rVVs showed 
significantly higher response of T. gondii–specific IgG compared to unimmunized mice after 
both prime and boost immunizations; this response was maintained after challenge (Fig. 3). 
Splenocytes were cultured on antigen-coated plates for 5 days, and the supernatants were 
analyzed by ELISA to evaluate the ability of splenic cells to secrete T. gondii-specific anti-
bodies. Immunized mice showed significantly higher levels of secreted IgG (Fig. 4A) and 
IgA (Fig. 4B) antibodies compared to both naïve mice and those subjected to a naïve chal-
lenge. Analysis of antibody subclasses revealed significant increases in IgG2a (Fig. 4C) and 
IgG2b (Fig. 4D), while no significant differences in IgG1 levels were observed (Fig. 4E). 

Enhanced activation of splenic CD4+ and CD8+ T cells and memory B cells
The immune responses were analyzed by flow cytometry using splenocytes collected 4 
weeks after challenge. The gating strategy for identifying CD4+ and CD8+ T cell subsets is 

Fig. 1. Construction and confirmation of recombinant vaccinia viruses (rVVs) expressing Toxoplas-
ma gondii microneme protein 8 (MIC8) and apical membrane antigen 1 (AMA1). (A) MIC8 and 
AMA1 genes were cloned into the pRB21 vector and verified by restriction digestion. (B) Plaques 
presenting MIC8 or AMA1 were selected by ELISA. (C) Representative transmission electron mi-
croscopy images of MIC8 and AMA1 rVVs. OD, optical density. 
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Fig. 3. Induction of Toxoplasma gondii-specific antibody responses in serum. The IgG levels in se-
rum were measured by ELISA at prime, boost, and after challenge. Mice immunized with micro-
neme protein 8 (MIC8)+apical membrane antigen 1 (AMA1) recombinant vaccinia viruses (rVVs) 
exhibited significantly increased antibody responses compared to naïve mice. OD, optical density.  
*P<0.05.

Fig. 2. Schematic of the animal experiment design. BALB/c mice were immunized intramuscularly 
with microneme protein 8 (MIC8)+apical membrane antigen 1 (AMA1) recombinant vaccinia vi-
ruses (rVVs) at weeks 0 and 4, followed by oral challenge with Toxoplasma gondii ME49 at week 8. 
Blood was collected at the indicated time points, and the mice were sacrificed at week 12.
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shown in Fig. 5A. Quantitative analysis revealed a significant increase in the frequencies of 
both CD4+ and CD8+ T cells in the MIC8+AMA1 rVVs compared to both naïve and naïve 
challenge groups (Fig. 5B, C). In addition to T cell responses, the frequency of memory B 
cells (CD19+, CD62L+, CD27+, and B220+) was assessed (Fig. 5D). Flow cytometric analysis 
revealed a significant expansion of memory B cells in the MIC8+AMA1 rVVs compared 
to the naïve and naïve challenge groups (Fig. 5E). Together, these data reinforce that the 
combined MIC8+AMA1 rVVs immunization stimulates responses from both T cells and 
memory B cells.

MIC8+AMA1 rVV immunization confers protection against T. gondii infection
The mice were orally challenged with T. gondii ME49 cysts and were monitored for surviv-
al and the number of brain cysts. All immunized mice survived, whereas those subjected to 
naïve challenge succumbed by day 31 (Fig. 6A). Moreover, the number of brain cysts was 
significantly reduced in the immunized group compared to that in the naïve challenge 
group (Fig. 6B), indicating that immunization with MIC8 and AMA1 confers strong pro-
tection against T. gondii ME49. 
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Discussion

In this study, we evaluated the protective efficacy of rVVs expressing T. gondii MIC8 and 
AMA1 against T. gondii ME49 in mice. Immunization with MIC8+AMA1 rVVs induced 
high IgG antibody response, promoted T cell and memory B cell activation, and signifi-
cantly reduced the cyst count following oral challenge with T. gondii ME49. 

Unlike previous studies that assessed the efficacy of MIC8 or AMA1, the present study 
focused on the combined use of these antigens. While MIC8 has been tested in combina-
tion with other antigens in previous VLP-based studies [7-9], the current study is the first 
to assess the immunological synergy between MIC8 and AMA1 using an rVV platform, 
revealing a robust and multifaceted immune activation. 

Importantly, our findings demonstrate that combination rVVs can effectively induce 
long-term immunity. The strong activation of memory B cells in the combination group 
supports the idea that simultaneous exposure to multiple antigens can promote durable 
immune memory [20]. Targeting both attachment and invasion antigens ensures recall re-

Fig. 4. Evaluation of Toxoplasma gondii-specific antibody production in cultured splenocytes. Splenocytes were cultured on T. gondii-coated 
plates for 5 days, and the secreted antibodies were measured by ELISA. (A) The IgG, (B) IgA, (C) IgG2a, (D) IgG2b, and (E) IgG1 responses are 
shown. Significant increases were observed in IgG, IgA, IgG2a, and IgG2b in the microneme protein 8 (MIC8)+apical membrane antigen 1 
(AMA1) recombinant vaccinia viruses (rVVs) group. ASC, antibody secreting cell; OD, optical density. *P<0.05, **P<0.01.
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Fig. 5. Activation of splenic T cells and memory B cells after MIC8+AMA1 rVVs immunization. Splenocytes were analyzed by flow cytometry 
to evaluate lymphocyte activation. (A) Gating strategy for CD4+ and CD8+ T cells. (B) CD4+ and (C) CD8+ T cell frequencies. (D) Gating strategy 
for memory B cells. (E) Frequency of memory B cells. Significant increases were observed in all subsets in the microneme protein 8 (MIC8)+ 
apical membrane antigen 1 (AMA1) recombinant vaccinia viruses (rVVs) group. FSC-H, forward scatter–height; FSC-A, forward scatter–area; 
SSC-A, side scatter–area. *P<0.05, ***P<0.001.
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sponses upon reinfection or reactivation, leading to improved long-term protection. 
Taken together, our results demonstrate that an rVV-based vaccine expressing both 

MIC8 and AMA1 can induce strong humoral and cellular immunity, including memory B 
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weeks after the challenge infection. (B) Brain cysts were counted at 30 days after the challenge infection. Immunized mice exhibited com-
plete survival and significantly reduced brain cyst count compared to those subjected to naïve challenge. ***P<0.001. 
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