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Abstract
Toxoplasma gondii is an intracellular parasite widely spread around the world. The Surface
Antigens (SAG) 1, 2 and 3 are the main proteins expressed on the surface of T. gondii tachyzoites.
Replication-defective adenovirus serotype 5 (rAd5) is one of the most potent recombinant viral
vectors for eliciting T cell-mediated immunity in mice and humans. Here we show that
vaccination with rAd5 expressing SAG1 (AdSAG1), but neither SAG2 nor SAG3, induces
protective immunity in the highly susceptible C57BL/6 mice challenged with T. gondii.
Furthermore, we evaluated different immunological components involved on viral induced
protective immunity. We observed that host protection elicited by AdSAG1 is highly dependent
on IL-12, IFN-γ and CD8+ T lymphocytes. Importantly, the induction of protective immunity (T
cell-derived IFN-γ) was also dependent on Myeloid Differentiation Factor 88 (MyD88), and thus,
likely to involve Toll-Like receptors. We conclude that protective parasite specific-CD8+ T cells
are elicited by a mechanism that involves MyD88-dependent induction of IL-12.

INTRODUCTION
In the past decades, a variety of strategies have been developed, including the construction
of recombinant viruses encoding microbial antigens, so as to achieve more immunogenic
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vaccines. So far, the replication-defective adenovirus serotype 5 (rAd5) is the most explored
vaccine viral vector [1, 2]. The popularity of adenoviruses as vaccine vectors is due to their
ability to elicit strong T cell-mediated immunity [3–7]. In practical terms, immunization of
soldiers from U.S. Army with serotypes 4 and 7, efficiently protected against the acute
respiratory syndrome - SARS [8]. Importantly, different methods have been used in order to
obtain more efficient and safe vectors, capable of abundant expression of heterologous
proteins and adequate antigen presentation, necessary to stimulate protective immunity
against infectious diseases [3, 9, 10]. A number of adenoviral constructions with sequences
of pathogens such as Ebola virus [11], HIV [9, 12], Leishmania chagasi [13], Plasmodium
[14, 15], Trypanosoma cruzi [16], Toxoplasma gondii [17], CMV [18] and Rabies virus [19]
are highly immunogenic and were successfully used to protect animals against the respective
experimental microbial challenge.

However, the mechanism underlying the induction of T cell-mediated immune responses
and protective immunity elicited by adenovirus is poorly understood. Nevertheless, it is well
known that infections with adenoviruses typically induce an inflammatory response
characterized by an intense cellular infiltrate at the site of viral entrance, with local release
of TNF-α, IL-1β, IL-12, type I IFN and IL-6 [20–22]. Different studies have evaluated the
ability of adenoviruses to activate Toll-Like Receptors (TLRs) and nucleotide-binding
oligomerization domain-like receptors (NLRs) in vitro and the relevance of these events on
viral immunogenicity in vivo [23–26]. For instance, Zhu et al. [25] demonstrated that the
induction of type I IFN by adenovirus in plasmacytoid dendritic cells (pDC) is mediated by
TLR9. On the other hand, adenovirus was shown to stimulate pro-inflammatory cytokines,
both in vitro and in vivo, through the activation of inflammasome via NALP3 [26]. Besides,
infection with adenoviruses induces a robust T cell response, including IFN-γ production by
CD8+ T lymphocytes, which is partially dependent on TLRs and inflammasome formation
[3–7].

Despite of the high rate of infection with T. gondii within the human population, the onset of
clinical signs of toxoplasmosis is rare in healthy subjects. Nevertheless, T. gondii is a main
infectious cause of uveitis, and the severe form of the disease appears in immunosuppressed
patients and in congenital transmission [27, 28]. In addition, toxoplasmosis is an important
veterinary malignancy [29]. Thus, development of a prophylactic vaccine is an important
alternative to prevent disease caused by T. gondii infection [30–37].

Genetic studies indicate that different genes are implicated in immune-mediated resistance
to T. gondii infection [38–40]. Particularly, major MHC alleles are important determinants
of resistance to acute infection, as well as controllers of cyst numbers and encephalitis
during chronic toxoplasmosis, both in mice and humans [38, 41]. These studies are
confirmed by the critical role of CD8+ T and CD4+ T cells in resistance to primary T. gondii
infection as well as reactivation of chronic toxoplasmosis [42, 43]. Importantly, studies have
also shown that response to immunodominant CD8+ T cell epitopes is associated with
resistance to T. gondii infection [17, 44–46]. In addition, parasite-induced IL-12 is critical to
stimulate the production of IFN-γ by CD4+ Th1 cells as well as CD8+ T lymphocytes [47,
48]. Thus, an efficient vaccine to prevent toxoplasmosis should elicit an immune response
with similar characteristics to the ones described above [49].

We have developed three rAd5 encoding the major Surface Antigens (SAG1, 2 and 3) of T.
gondii, which were very efficient in inducing both antigen-specific humoral and T cell
responses, and protection against challenge with a cystogenic strain of T. gondii [17]. In the
present study, we investigated the basis of adjuvant activity and mechanism of protection
conferred by AdSAG1 vaccination against a lethal challenge with T. gondii in the highly
susceptible C57BL/6 mice. Our results indicate a critical role of Myeloid Differentiation
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Factor 88 (MyD88), IL-12, IFN-γ and CD8+ T cells in the anti-toxoplasma protective
immunity elicited by AdSAG1.

MATERIAL AND METHODS
Mice

Six week old female Swiss-Webster, C57BL/6, IL-12−/−, β2-microglobulin−/−, IFN-γ−/−,
and MyD88−/− mice were maintained in the animal facility of René Rachou Research
Center (Oswaldo Cruz Foundation – FIOCRUZ), Belo Horizonte, Brazil. Animal housing
and experimentation were performed according to guidelines of FIOCRUZ Institutional
Ethics Committee (Animal protocol P-4/09-2).

Parasites
ME49, a type II strain of T. gondii [50], was maintained by serial passage of cysts in female
Swiss-Webster mice. Cysts obtained from mouse brains at 60 days post-infection were used
for challenge of vaccinated and control mice. The type I RH strain [51] was maintained by
serial passages of tachyzoites in the peritoneal cavity of Swiss-Webster mice and used in the
preparation of total tachyzoite lysate (TLA), as previously described by Giraldo and co-
workers [52].

Immunization
Mice received two doses (109 PFU each) of adenovirus, 6 weeks apart. Vaccination was
performed subcutaneously at the base of the tail, using serotype 5 recombinant adenoviruses
diluted in sterile PBS. Groups of immunized mice received recombinant adenoviruses
encoding surface antigens SAG1 (AdSAG1), SAG2 (AdSAG2) or SAG3 (AdSAG3) from T.
gondii [17]. As controls, animals received an adenovirus encoding β-galactosidase from E.
coli (AdCTRL). Serum samples obtained before the immunization or 12 days after the last
dose of vaccine were used in ELISA and Western-blot assays for detection of anti-T. gondii
specific antibodies. In some experiments, mice were sacrificed 12–14 days after the last dose
of immunization to obtain spleens used in cellular immunological assays. Fourteen days
after the last immunization, mice were orally challenged with 10 cysts of ME49 strain and
the mortality followed for 50 days.

Peptide synthesis
MHC I-restricted epitopes were identified in the sequences of SAG1, SAG2 and SAG3
proteins using software SYFPEITHI (www.syfpeithi.de). Nonamers with affinity for
molecules H2-Lb and H2-Db (affinity score ≥ 21) were selected for synthesis. Selected
peptides were synthesized by standard N[9-fluorenylmethyloxycarbonyl] on a PSSM8
multispecific peptide synthesizer (Shimadzu, Kyoto, Japan) by solid-phase synthesis.
Peptides were purified by HPLC and their identities confirmed by Q-TOF MicroTM
equipped with an electrospray ionization source (Micromass, Manchester, UK).

T cell stimulation and cytokine detection assays
Assays were performed with spleens obtained from 12 to 14 days after the vaccination
boost. Spleens were pressed through cell strainers for disruption. Single cell suspensions
were then submitted to the red blood cell lyses in ACK™ buffer (Sigma, St Louis, USA),
washed and suspended in complete medium (RPMI 1640 supplemented with 10% fetal
bovine serum, 25 mM HEPES, 1 mM sodium pyruvate and 1 mM L-glutamine). Total
spleen cells were platted in 24-well plates (5 × 106 cells per well) in complete medium in the
absence or presence of synthetic peptides (50 μM) or TLA (10 μg/ml) and incubated at 37°
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C and 5% CO2 for 24–48 hours. The concentration of IFN-γ, IL-4 and IL-10 in cell-free
supernatants was estimated by ELISA assay (DuoSet™, R&D Systems, Minneapolis, USA).

Enzyme-linked immunospot assays
Nitrocellulose-bottom 96-well plates (Millipore) were coated overnight with 10 μg/ml of an
anti-mouse IFN-γ monoclonal antibody (clone R4-6A2, BD Biosciences, San Jose, USA)
and blocked for 2 hours at 37° C with RPMI medium containing 10% fetal bovine serum.
Spleens were collected between 12 and 14 days after the last dose of adenovirus and
processed as described above. Cells were plated (106 cells per well) in plain complete
medium or in the presence of synthetic peptides (50 μM) or TLA (10 μg/ml). Cells were
stimulated for 24 hours at 37° C and 5% CO2. Cells were discarded and plates were washed
thoroughly in PBS. The plates were then incubated with a biotinylated anti-mouse IFN-γ
antibody (clone XMG1.2, BD Biosciences), followed by peroxidase-labeled streptavidin
(BD Biosciences). Spots were developed with peroxidase substrate containing 1 mg/ml of
3,3-diaminobenzidine tetrahydrochloride and 1 μl/ml of 30% hydrogen peroxide in 50 mM
Tris buffer (pH = 7.5). Reactions were stopped under running water. Spots were counted in
ImmunoSpot CTL (Cellular Technology Ltd., Shaker Heights, USA)

ELISA and Western blot
Detection of anti-SAG specific antibodies by ELISA was performed in microtiter plates
coated overnight with TLA (5 μg/ml in carbonate buffer pH = 9.5) and blocked for 2 hours
at 37° C with PBS supplemented with 10% fetal bovine serum. Sera from vaccinated and
control mice were diluted 1:50 in PBS and added to plates for 2 hours at 37° C. Plates were
then incubated with peroxidase-conjugated anti-mouse total IgG for 45 minutes at 37° C.
Reactions were developed with substrate containing tetramethylbenzidine (TMB, Sigma) for
30 minutes at room temperature. Reactions were stopped with 2N H2SO4 and read at 450
nm. For detection of anti-SAG antibodies by Western blot, TLA samples (5–10 μg per
sample) were run in 12% SDS-PAGE gels under denaturing conditions and transferred onto
nitrocellulose membranes. Strips were cut from membranes and blocked overnight at 4° C in
PBS containing 5% skim milk. Strips were then incubated with serum from either
vaccinated or control mice diluted 1:1000 in the blocking buffer, for one hour. After wash,
strips were incubated with peroxidase-conjugated goat anti-mouse IgG (Sigma) diluted
1:3000, for one additional hour. Reactions were detected with chemiluminescence reagent
(ECL Plus Western Blotting Detection Reagent™, Amersham Biosciences, Piscataway,
USA) and exposure of membranes to X-ray films (Hyperfilm™, Amersham Biosciences).

Statistical analysis
The difference in cumulative mortality of experimental groups was analyzed using Log-rank
(Mantel-Cox) test. The numbers of cysts in the brain were compared using t test of Mann-
Whitney. The comparison of IgG levels in the sera (ELISA) was performed with t test,
whereas the number of specific CD8+ T cells (ELISPOT) and the amount of cytokines
secreted by splenocytes (ELISA) were compared using ANOVA test with Bonferroni’s post-
test for comparing all pairs of groups. All tests were performed in GraphPad Prism 5.0
(GraphPad Softwares Inc., La Jolla, USA), and differences were considered statistically
significant when p<0.05.
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RESULTS
Humoral and cellular immune responses after vaccination with recombinant adenoviruses
encoding SAG antigens from T. gondii

Serum samples were obtained from C57BL/6 mice two weeks after the last dose of rAd5
encoding one of the surface antigens SAG1 (AdSAG1), SAG2 (AdSAG2) or SAG3
(AdSAG3) from T. gondii or β-galactosidase from E. coli (AdCTRL), as an unrelated
antigen. All samples were individually tested by Western blot for their reactivity with
tachyzoite lysate antigens (TLA). Figure 1A shows that antibodies in sera from AdSAG-
vaccinated mice specifically recognize the different SAG proteins, which indicates that all
three rAd5 were capable to express in vivo the recombinant antigens. Apparent molecular
weight of proteins recognized by antibodies in sera from vaccinated mice were consistent
with those expected for each protein, i.e., SAG1, 30Kd; SAG2, 22Kd; and SAG3, 43Kd.

We also analyzed the cellular immune responses induced by vaccination of C57BL/6 mice
with rAd5 by measuring the levels of cytokines produced by spleen cells. The splenocytes
were obtained two weeks after the boost and stimulated in vitro with TLA for 24 or 48
hours. The levels of IFN-γ, IL-4 and IL-10 were measured in tissue culture supernatants by
ELISA. Significant levels of IFN-γ were produced by splenocytes from mice vaccinated
with either AdSAG1 or AdSAG2 (figure 1B), whereas no significant production of IL-4 or
IL-10 was detected.

To further explore the development of cellular immune responses after immunization, we
measured the frequency of SAG-specific IFN-γ producing CD8+ T cells. For that purpose,
we employed an ELISPOT assay in which total spleen cells were stimulated for 24 hours
with SAG-derived synthetic peptides encoding MHC I-restricted epitopes. An in silico
screen of SAG1, SAG2 and SAG3 was performed to identify potential ligands of H2
molecules from haplotype “b”, which is expressed by C57BL/6 mice. Our analysis indicated
the presence of one candidate peptide in SAG1 and two candidates in SAG3. All peptides
had high affinity for H2-Db or H2-Lb (figure 1C). The same method failed to identify H2-
binding epitopes in SAG2 sequence. Figure 1C shows the results of the ELISPOT assay.
The peptide TPTENFTL (SP0534) from SAG1 is recognized specifically by CD8+ T
lymphocytes of AdSAG1-immunized C57BL/6 mice and induces IFN-γ secretion by those
cells. Stimulation with two different SAG3-derived peptides had no effect on in vitro
detection of SAG3-specific CD8+ T cells from spleen culture from mice vaccinated with
AdSAG3.

Protection induced by vaccination with recombinant adenoviruses encoding SAG proteins
from T. gondii

To determine if rAd5 encoding SAG genes were capable to elicit protective immunity, the
highly susceptible C57BL/6 mice were vaccinated and challenged per-orally with 10 cysts
of ME49 strain of T. gondii. Groups of mice immunized that received two doses of AdSAG1
presented significantly higher survival (figure 2A) than those vaccinated with AdSAG2 or
AdSAG3 (p<0.01). We also evaluated the number of cysts in the brain of the animals that
survived the challenge with T. gondii. Mice vaccinated with AdSAG1 had lower number of
cysts when compared to groups of animals vaccinated with either AdSAG2 or AdSAG3
(figure 2B). In two experiments, only one animal from AdCTRL group survived until 50
days after challenge, and this mouse had a high number of cysts in its brain (approximately
1000 cysts). Since only vaccination with AdSAG1 was capable of inducing strong antigen
specific IFN-γ responses and protection against T. gondii infection, we used this virus in the
subsequent experiments designed to define the mechanism involved on induction of
protective immunity.
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CD8+ T cells and IFN-γ are key elements on effector functions and protective immunity
elicited by vaccination with AdSAG1

CD8+ T cells are considered important mediators of protection against T. gondii [49]. These
cells contribute to the production of IFN-γ, which is essential for resistance against
tachyzoites during the acute phase of infection [53–55]. Therefore, we explored the
relevance of CD8+ T cells and IFN-γ production in our immunization protocol. For this
purpose, we vaccinated IFN-γ−/− as well as β2-microglobulin−/− (deficient in CD8+ T cells)
mice, alongside with wild type (WT) animals. All mouse lineages were vaccinated with
AdSAG1 according to the protocol used in previous experiments. Subsequently, the animals
were challenged with a per-oral dose of ME49 strain, and survival compared between WT
and knockout lineages.

Vaccination of WT mice with AdSAG1 lead to a significant increase in survival. All
vaccinated IFN-γ−/− mice succumbed to acute infection around two weeks after challenge.
The totality of β2-microglobulin−/− animals, including those vaccinated with AdSAG1, also
died after challenge with mortality occurring from 2 to 6 weeks post-infection (figure 3A).
Consistently, splenocytes from β2-microglobulin−/− mice stimulated with SAG1-derived
peptide did not secret IFN-γ (figure 3B), showing that the selected peptide was indeed
specific for CD8+ T cells, and further indicating that this T cell subset is an important source
of IFN-γ in AdSAG1 vaccinated mice.

Induction of protective immunity by vaccination with AdSAG1 is dependent on functional
MyD88 and IL-12 secretion

The MyD88 is an adaptor protein that is critical for cell signaling by all TLRs, except TLR3
[56]. Thus, MyD88 is central to activation of innate immune responses, and the mechanisms
that mediate the adjuvant properties of different vaccine formulations, including viral
vectors. Here we investigated whether MyD88 also plays a role in the development of
antigen specific T cell as well as humoral immune responses and protective immunity
elicited by AdSAG1. Indeed, the protection observed in C57BL/6 mice vaccinated with
AdSAG1 was abrogated in MyD88−/− mice. All the MyD88 deficient mice succumbed to
infection around 21 days after challenge (figure 4A). Consistently, the IFN-γ response of
spleen cells to either TLA or peptide-specific CD8+ T cells was severely impaired in
MyD88−/− mice (figure 4B). Importantly, the lack of T cell responsiveness in MyD88 was
not due to a failure in the immunization protocol, since the levels of anti-SAG1 antibodies in
vaccinated MyD88−/− mice were similar to WT animals (figure 4C). Together, these results
that TLRs are central for induction of antigen-specific T cell mediated immunity elicited by
rAd5.

Secretion of IL-12 by innate immune cells is a key element on induction of IFN-γ
production by T cells, including CD8+ T lymphocytes, and development of protective
immunity to a variety of intracellular pathogens, including T. gondii [47, 48]. As IL-12 is a
main output of TLR activation by microbial components, we were also interested in
evaluating the role of IL-12 in the protection conferred by immunization with AdSAG1. As
observed in previous experiments, around 70% of AdSAG1-vaccinated C57BL/6 mice
survived the challenge with ME49 (figure 5A). However, the counterpart group of animals
deficient in IL-12 died within 14 days after challenge. As observed with MyD88−/−, the
IFN-γ production in response to both TLA and peptide SP0534 was severely impaired in
splenocytes from IL-12−/− mice vaccinated with AdSAG1. Taken together, our results
indicate that TLR-induced IL-12 is critical for the development of IFN-γ-producing T cells
and immune-mediated resistance to T. gondii infection induced by AdSAG1.
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DISCUSSION
Various experimental models and vaccine formulations have been used in attempts to
generate an efficient and safe protocol for immunization against toxoplasmosis. Some
studies indicate that protective immunity is achievable by inoculation of animals with
plasmid vectors encoding parasite genes, as well as purified or recombinant proteins derived
from T. gondii [30–37]. Although many of these vaccination protocols were able to generate
partial protection against experimental toxoplasmosis, they display relatively weak
immunogenicity, particularly for eliciting responses of CD8+ T cells, which are critical for
protective immunity against T. gondii infection [55, 57]. In this regard, rAd5 represent an
interesting alternative when compared to other formulations of recombinant vaccines. They
are extremely efficient in inducing high levels of expression of recombinant antigen in host
cells in vivo [5], including professional antigen presenting cells such as dendritic cells,
Kupffer cells and macrophages [7, 58]. In addition, viral particles are endowed with
different components (e.g. proteins, glycoproteins and nucleic acids) that interact with innate
immune receptors and trigger a plethora of inflammatory mediators that exert adjuvant
effects on the immunological response to the ectopically expressed proteins [59, 60]. Thus
far, rAd5 seems to be the best characterized viral vector on its ability to stimulated strong
CD4+ T as well as CD8+ T cell responses [3–7].

Having these immunological properties in mind, we have chosen the rAd5 as a vaccine
vector for expression of three surface antigens (SAG1, SAG2 and SAG3) of T. gondii and
development of a prophylactic vaccine for toxoplasmosis. In a previous study from our
group, the immunization with rAd5 expressing SAG1, SAG2 or SAG3 resulted in
significant protection in BALB/c mice challenged with the PBr strain of T. gondii [17].
Here, we tested the three different viruses in the highly susceptible C57BL/6 mice. We
verified that only AdSAG1 induced a strong T cell response and protection against challenge
with T. gondii parasites. The observation that SAG1 is an efficient immunogen is consistent
with previously published studies. More precisely, different studies demonstrate that various
formulations containing SAG1 as antigen are able to partially protect mice against challenge
with different strains of T. gondii [30–32]. Moreover, vaccines that associate SAG1 with
other antigens from T. gondii confer protection even to challenge with the highly virulent
RH strain [36, 37].

We observed a direct correlation of IFN-γ levels secreted by CD4+ T as well as CD8+ T and
development of protective immunity. Whereas, mice vaccinated with AdSAG1 produced
high levels of IFN-γ in response to TLA (mediated mainly by CD4+ T cells) and a CD8+ T
cell epitope, on the other hand, the animals that received AdSAG2 or AdSAG3 showed a
weaker response. The expression and delivery to immune system of SAG2 and SAG3 in
vivo by the rAd5 was successful, as indicated by the presence of anti-SAG2 or -SAG3
specific antibodies in vaccinated animals. Thus, the lower IFN-γ response in mice
vaccinated with AdSAG2 and AdSAG3 is probably related to the fact that SAG2 and SAG3
antigens are weak stimulators of T lymphocytes, in the context of H2 molecules from
haplotype “b” displayed by C57BL/6. Nevertheless, the results obtained with AdSAG1 are
consistent with the various studies indicating that rAd5 is a potent inducer of both CD4+ T
as well as CD8+ T lymphocytes [3–7], which are main sources of IFN-γ and host resistance
to toxoplasmosis [53–55].

We next investigated the immunological mechanisms responsible for the protection
observed in mice vaccinated with AdSAG1. We evaluated the involvement of CD8+ T
lymphocytes as well as IFN-γ, two critical elements on effector mechanisms of immune-
mediated resistance to T. gondii infection. Consistent with previous reports on the essential
role of IFN-γ in controlling toxoplasmosis [47, 61], IFN-γ−/− mice vaccinated with AdSAG1

Mendes et al. Page 7

Vaccine. Author manuscript; available in PMC 2012 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were still highly susceptible to ME49 strain, with 100% lethality in the first two weeks after
infection. The β2microglobulin−/− mice were not able to mount a full IFN-γ response even
when vaccinated with AdSAG1, and succumbed to infection, in this case, in a later stage of
disease, between 35–40 days post-infection.

The primary defect of the β2microglobulin−/− mice is the lack of class I MHC molecules,
and therefore, they do not have CD8+ T cells. However, CD4+ T cells are still functional in
these mice. Thus, we observed only a partial ablation of IFN-γ production in vaccinated
β2microglobulin−/− mice. These observations indicate that CD8+ T cells are an important
source of IFN-γ, however, an additional source, most likely CD4+ T cells and NK cells, are
necessary to explain the difference in susceptibility, when comparing vaccinated IFN-γ−/−

and β2-microglobulin−/− mice. Nevertheless, as efficient as CD4+ T cells may be in
producing IFN-γ in response to T. gondii antigens, they were not sufficient, in absence of
CD8+ T cells, to fully protect vaccinated mice.

The observation that CD8+ T cells control the development of chronic disease is consistent
with other studies using post-vaccination depletion of CD8+ T cells [62]. Furthermore,
transfer of CD8+ T cells from immunized or infected mice protects animals from cyst
formation and mortality during chronic toxoplasmosis [54, 63]. In contrast, the IFN-γ,
MyD88, or IL-12 deficient mice, vaccinated with AdSAG1 or control rAd5, all died by day
20 post-infection. Thus, together, our results indicate that MyD88, IL-12 and IFN-γ have a
primary role during the early stage of infection (in the site of parasite entry at the mucosa
and other peripheral organs), whereas CD8+ T cells would be critical for controlling parasite
replication and cyst formation in the central nervous system (CNS). Although we do not
discard the possibility that T cells are also restraining parasite replication in other organs,
such as lungs or even the intestine, it seems that the CNS is the main site where T
lymphocytes control cyst formation and reactivation during chronic infection with T. gondii
[64]. Consistently, Suzuki and colleagues (2010) demonstrated that both CD4+ T and CD8+

T cells can infiltrate areas around the cysts, but only in presence of CD8+ T there is effective
elimination of cysts [54].

A second major question addressed in our studies was the critical role of innate immunity in
induction of T cell responses and protective immunity elicited by AdSAG1. Different
studies have indicated a primary role of MyD88/TLRs [24, 25] as well as inflammasome/
NLRs [26] in triggering innate immunity and pro-inflammatory cytokines, as consequence
of the intrinsic adjuvant activity of rAd5 [59, 60]. Importantly, a recent study have indicated
a redundant role of TLRs and NLRs on immunogenicity and development of acquired T
cell-mediated immunity in mice vaccinated with rAd5 [7]. Here, we tested the involvement
of TLR signaling in the adjuvant properties of rAd5, by vaccinating and challenging animals
devoid of MyD88. We observed that the protective IFN-γ response was abrogated in
MyD88−/− and that those animals could not be protected by AdSAG1 vaccination. These
findings are in contrast with studies indicating that T cell-mediated immunity and protection
induced by a live attenuated strain of T. gondii occurs independent of MyD88/TLR function
[65]. Although the production of IFN-γ in MyD88−/− was severely impaired, these mice
were capable to produce high levels of specific IgG. This was also observed in another
study, which indicated that MyD88 signaling is not essential for antibodies production, but
is indispensable for protection against Streptococcus pneumonia infection following oral
vaccination with attenuated Salmonella, as well as in our vaccination model [66, 67].
Therefore, the results presented here are consistent with the hypothesis that TLRs/MyD88
play an important role in the adjuvant activity, immunogenicity and development of
protective immunity induced by rAd5 [7, 24].

Mendes et al. Page 8

Vaccine. Author manuscript; available in PMC 2012 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Finally, IL-12 has been shown to elicit the development of T cell-mediated immunity
induced by immunological adjuvants, including various TLR agonists, e.g. LPS and
unmethylated CpG-containing oligonucleotides [68]. Furthermore, IL-12 appears to be
critical to the optimal IFN-γ response by CD4+ T and CD8+ T lymphocytes during different
microbial infections, including experimental toxoplasmosis [47, 49, 55]. Indeed, by inducing
both T cell-dependent and independent IFN-γ, IL-12 has been defined as a critical factor in
host resistance to infection with T. gondii [47]. Our experiments show that vaccinated
IL-12−/− mice had an impaired IFN-γ response and were highly susceptible to challenge
with T. gondii.

In summary, our results show that protective immunity observed in mice vaccinated with
AdSAG1 is dependent on activation of MyD88 and IL-12 production. In turn, MyD88-
dependent production of IL-12 will induce both antigen-specific CD4+ T and CD8+ T cells,
which are an important source of IFN-γ, leading to control of parasitism and survival in
AdSAG1 vaccinated mice challenged with T. gondii.
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Figure 1. Humoral and cellular immune response after vaccination with adenoviruses:
immunogenicity and identification of a SAG1 epitope specific for CD8+ T lymphocytes
C57BL/6 mice received two subcutaneous doses (109 PFU) of AdSAG1, AdSAG2,
AdSAG3 or AdCTRL, six weeks apart. A, serum samples obtained from four animals, two
weeks after boost, were tested individually in Western-blot assay employing tachyzoite total
lysate antigen (TLA). Arrowheads indicate the proteins SAG1 (30 kDa), SAG2 (22 kDa) or
SAG3 (43 kDa). B, spleen cells were isolated from three animals in each group, two weeks
after the second dose, and stimulated in vitro with tachyzoite lysate antigen (TLA) or
cultured in plain medium, as control (Med). Cytokines were measured in cell-free
supernatants from spleen cultures in ELISA assays. C (left panel), different MHC I-
restricted (H2-Db and H2-Lb) epitopes were mapped in SAG1 and SAG3 proteins. C (right
panel), ELISPOT was performed with spleen cells obtained from 3 animals in each
experimental group, two weeks after the second viral dose, and stimulated in vitro with
synthetic peptides corresponding to MHC I-restricted epitopes listed in the left panel.
Asterisks (*) indicate that difference is statistically significant when comparing to the
counterpart vaccination groups or different stimuli used in vitro. The results are
representative of one out of two experiments that yield similar results.
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Figure 2. Vaccination with rAd5 expressing SAG1 protects the highly susceptible C57BL/6 mice
from challenge with T. gondii
Groups of 10 C57BL/6 mice received two subcutaneous doses (109 PFU) of AdSAG1,
AdSAG2, AdSAG3 or AdCTRL, six weeks apart. Two weeks after the boost, mice were
orally challenged with the ME49 strain of T. gondii. A, survival of animals was followed for
50 days after challenge. Statistical analysis of mortality curves shows a significant
difference between AdSAG1 and all other groups. B, the number of cysts in the brain was
evaluated in survivors at day 50 after the challenge. Asterisks (*) indicate that differences
are statistically significant when comparing to the counterpart vaccination groups. The
results are representative of one out of two experiments that yield similar results.
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Figure 3. IFN-γ and CD8+ T cells are important mediators of protection elicited by vaccination
with AdSAG1
Mice deficient in IFN-γ (IFN-γ−/−) or CD8+ T cells (β2-micro−/−), and wild type (WT)
C57BL/6 counterparts were vaccinated with two doses of AdSAG1 or AdCTRL, six weeks
apart. A, two weeks after boost, animals (6 per group) were challenged orally with the
ME49 strain. Survival was followed for 50 days after challenge. At day 14 after challenge,
all IFN-γ−/− mice succumbed to infection, irrespective of the rAd5 received. At later time
points of infection (from 35 to 50 days), the survival of AdSAG1-vaccinated WT mice was
significantly higher than that of any β2-micro−/− group. B, spleen cells were obtained from 3
animals from each group, two weeks after the last dose of rAd5, and cultured in vitro
without antigens (Med) or in presence of MHC I-restricted epitopes (SP0534 from SAG1;
SP0542 from β-galactosidase) or TLA. The levels of IFN-γ in the supernatant of spleen
cultures were measured in ELISA assays. Asterisks (*) indicate that difference is statistically
significant when compared to the counterpart vaccination groups or different stimuli used in
vitro. The experiments were performed two times, yielding similar results.
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Figure 4. The protection induced by vaccination with AdSAG1 is dependent on MyD88
Mice deficient in MyD88 (MyD88−/−), and wild type (WT) C57BL/6 were vaccinated with
two doses of AdSAG1 or AdCTRL, six weeks apart. A, two weeks after boost, animals (6
per group) were challenged with an oral dose of ME49 strain. Survival was followed for 50
days after challenge. Statistical analysis indicates that survival of AdSAG1-vaccinated WT
mice is significantly higher than the MyD88−/− mice. B, spleen cells were obtained from 3
vaccinated animals from each group, two weeks after the last dose of rAd5, and cultured
without stimulation (Med) or in the presence of MHC I-restricted peptides (SP0534;
SP0542) or TLA. The levels of IFN-γ in the supernatant of spleen cultures were measured
by ELISA. C, serum samples (4 animals) were tested in ELISA with TLA, for presence of
anti-SAG1 antibodies. Positive results confirm that in vivo immunization was successful in
all mice that received AdSAG1. Asterisks (*) indicate that difference is statistically
significant when comparing the counterpart vaccination groups or different stimuli used in
vitro. The results are representative of one out of two experiments that yield similar results.
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Figure 5. The protection induced by vaccination with AdSAG1 is dependent on endogenous
IL-12
Mice deficient in IL-12 (IL-12−/−), and wild type (WT) C57BL/6 counterparts were
vaccinated with two doses of AdSAG1 or AdCTRL, six weeks apart. A, two weeks after
boost, animals (6–8 per group) were challenged with an oral dose of ME49 strain. Survival
was followed for 50 days after challenge. Statistical analysis confirms that survival of
AdSAG1-vaccinated WT mice is significantly higher than that of IL-12−/− mice. B, spleen
cells were obtained from 3 vaccinated animals from each group, two weeks after the last
dose of rAd5, and cultured in absence of simulation (Med) or with MHC I-restricted
epitopes (SP0534; SP0542) or TLA. The levels of IFN-γ in the supernatant of spleen
cultures were measured by ELISA. C, serum samples (6–8 animals) were tested in ELISA
with TLA, for presence of anti-SAG1 antibodies. Positive results confirm that in vivo
immunization was successful in all mice that received AdSAG1. Asterisks (*) indicate that
difference is statistically significant when comparing the counterpart vaccination groups or
different stimuli used in vitro. The presented results are representative of one out of two
experiments that yield similar results.
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