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Abstract

Toxoplasma gondii infection induces a robust CD8 T-cell immunity that is critical for keeping
chronic infection under control. In studies using animal models, it has been demonstrated that the
absence of this response can compromise the host ability to keep chronic infection under check.
Therapeutic agents that facilitate the induction and maintenance of CD8 T-cell response against
the pathogen need to be developed. In the last decade, major strides in understanding the
development of effector and memory response, particularly in viral and tumor models, have been
made. However, factors involved in the generation of effector or memory response against T.
gondii infection have not been extensively investigated. This information will be invaluable in
designing immunotherapeutic regimens needed for combating this intracellular pathogen that
poses a severe risk for pregnant women and immunocompromised individuals.
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Toxoplasma gondii, an obligate intracellular parasite of the phylum Apicomplexa infects a
wide variety of warm-blooded animals including humans [1]. Besides complications during
pregnancy, Toxoplasma-infected immunocompetent adults remain asymptomatic in most
cases [2]. In the intermediate host, Toxoplasma undergoes stage conversion between the
rapidly multiplying tachyzoite that is thought to be responsible for acute toxoplasmosis and
the slowly replicating, relatively quiescent, primarily encysted bradyzoite stage that can
persist possibly for life [3,4]. However, with loss of immune competence as observed in
HIV/AIDS or immunosuppressive therapies, the parasite reactivates back to presumably
tachyzoite stage and causes the development of toxoplasmic encephalitis and death of the
host [5]. Although the incidence of toxoplasma encephalitis (TE) among AIDS patients
declined considerably in the USA owing to prophylactic treatment and HAART therapy, it
still remains a significant problem in developing countries [6].
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Historically, T. gondii population structure has been divided into three clonal types based on
genetic characteristics [7]. However, recent studies have demonstrated that this population
structure is much more diverse in places such as rural Africa and South America where it
has been associated with increased risk of primary and reactive ocular toxoplasmosis [7].
Moreover, recent work has now correlated T. gondii infection with increased risk of
dementia and Alzheimer’s in the elderly [8]. Therefore, beyond TE in immunocompromised
individuals, immunocompetent adults may be at a higher risk for Toxoplasma-related
complications.

Apart from their toxicity, current drugs are only efficacious against the tachyzoite stage of
this protozoan and not against the encysted bradyzoite stage [3]. Although live-attenuated
strains of the parasite have been successfully used to vaccinate mice, they are not considered
sufficiently safe for use in humans [9-12]. Hence, understanding the mechanisms
responsible for immune control of parasites as well as parasite reactivation is critical for
evolving strategies for the development of immunotherapeutic agents against the pathogen.

Immune protection against many intracellular pathogens including viruses, bacteria and
protozoa is provided by a robust cell-mediated immunity [13,14]. T cells, macrophages, NK
cells and cytokines such as IFN-y, TNF-a and nitric oxide are the key effector components
of this protective immune response [5,15-17]. However, the development of this potent T-
cell immunity is critically dependent on appropriate interactions with antigen-presenting
cells (APCs), such as dendritic cells, both via cell surface receptor mediated interactions and
a conducive cytokine milieu namely 1L-12 and IL-15 [18-21]. This activation leads to the
proliferation, differentiation and acquisition of effector functions of the antigen-specific T
cells [22]. The effector functions of activated antigen-specific T cells include secretion of
cytokines IFN-y and TNF-a and cytotoxicity, which promote further development of
adaptive immunity and pathogen control.

As demonstrated by Frenkel et al. using the hamster model, humoral immunity provides
little protection against acute toxoplasmosis [23]. Adoptive transfer experiments by this
group using injection of intact or lysed splenocytes from immunized animals to naive
recipients revealed that upon challenge, only recipients that received intact splenocytes were
protected. This suggested that protection against T. gondii is primarily dependent on cell-
mediated immune response. Later, using an antibody-based depletion strategy, it was
demonstrated that both CD4 and CD8 T cells were important for control of infection with
the CD8 T-cell subset playing the dominant role [24]. Further studies by Suzuki et al., using
IFN-v depletion and CD8 T-cell adoptive transfer approach, identified IFN-y as a major
mediator of resistance against toxoplasmosis [15]. Subsequently, Khan et al. developed the
first antigen-specific CD8 T-cell clones capable of killing T. gondii tachyzoites in vitro via
their cytotoxic activity [25]. These studies combined suggest that the critical effector
mechanisms involved in controlling T. gondii infection include IFN-y production and
cytotoxicity mediated by CD8 T cells. Subsequent studies have reinforced the paradigm that
CD8 T cells are the dominant effector cell responsible for the control of long-term infection
with CD4 T cells playing an important secondary role [26,27]. Since these seminal
observations were made, the complex multifactorial steps involved in CD8 activation,
effector function acquisition and memory/effector differentiation during T. gondii infection
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have been elucidated with greater clarity. However, many questions regarding this process
still remain to be addressed. In this article, we present current knowledge of how this
multistep process leads to the activation of CD8 T-cell response to T. gondii and how it
modulates the potency of this infection. In addition, we discuss how this knowledge
regarding T. gondii-specific CD8 T-cell response development can be exploited for the
development of immunotherapeutic agents.

Antigen presentation & priming of CD8 T-cell immunity

As a first step for activation of CD8 T-cell response, cell-cell interaction between APCs and
CD8 T cells is needed [28]. Subsequently, recognition of antigenic peptide presented by
APCs in context of MHC class | by CD8 T cells is required [28]. Early studies using inbred
and outbred mouse strains demonstrated that differences in the class | haplotype could
influence the outcome of T. gondii infection, suggesting that beyond variations in
inflammatory responses, a genetic component could influence the control of the parasite
[29-31]. Studies conducted using animals with deleted or mutated L9 allele demonstrated
that mice such as BALB/c that possess this allele were protected while those that do not
(C56BL/6, B10 or CBA/J) exhibit susceptibility to infection [32—34]. Experiments using
mice expressing human MHC class | transgenes showed similar allelic dependence for the
control of T. gondii [35]. Hence, MHC class | haplotype is an important determinant for the
generation of protective CD8 T cells in response to T. gondii infection. Therefore,
identification of class I-restricted T. gondii-specific epitopes would be helpful in generating
vaccines that mount an effective CD8 response. Several studies have identified Toxoplasma
surface antigens and secreted proteins such as the rhoptry, dense granule and microneme
proteins as T-cell antigens [12,36—40]. However, whether epitopes contained in such
antigens indeed correspond to dominant T. gondii-specific CD8 T-cell response in
Toxoplasma-infected mice (i.e., without vaccination or immunization) had not been
established until recently. In 2008, Blanchard et al. identified the decapeptide
HPGSVNEFDF (HF10) from the GRA6 dense granule protein as the dominant, naturally
processed protein recognized by CD8 T cells during T. gondii infection in BALB/c (H-29)
mice [41]. This was followed by the discovery of two more H2-L9-restricted epitopes,
SPMNGGYYM and IPAAAGRFF, from the dense granule protein GRA4 and rhoptry
protein ROP7, respectively [42]. Interestingly, while H-2L9/GRAA4-reactive CD8 T cells
peaked during the acute phase, H-2LYROP7-reactive CD8 T cells peaked during chronic
phase, suggesting parasite stage-specific recognition of endogenous T. gondii-derived CD8
T-cell epitopes. Subsequently, Wilson et al. identified a novel H-2KP-restricted epitope,
SVLAFRRL, derived from TGDO057, a protein of unknown function [20]. Hence, the current
challenge lies in identifying dominant human MHC class I-restricted epitopes for T. gondii
antigens. Preliminary work from McLeod’s laboratory has identified several epitopes from
T. gondii antigens restricted by HLA-AOQ2, a supertype family that is present in 50% of the
human population [43]. Using a pool of such peptides, they showed that immunized HLA-
A*0201 transgenic mice were protected against Toxoplasma challenge. However, this
protection was only partial and it remains to be established whether a similar pool of
peptides can prevent TE in chronically infected individuals.
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Role of costimulatory molecules in the development of CD8 T-cell immunity

against T. gondii

Apart from T-cell receptor—peptide—-MHC interaction, costimulatory molecules play a
critical role in adequate CD8 T-cell activation [44,45]. Costimulation occurs mainly via
interaction of two families of proteins, the immunoglobulin (lg) superfamily members B7/
CD28 and the TNF receptor/TNF superfamily of proteins [46]. Early investigations of
costimulatory molecules in T. gondii models using human peripheral blood mononuclear
cells demonstrated that blockade of both CD80 and CD86 reduced T-cell activation [47].
Subsequently, studies in mouse models demonstrated that CD28, a receptor for CD80 and
CD86, was dispensable for protective immunity against the parasite despite reduced IFN-y
production by T cells [48]. Interestingly, when infected mice were re-infected with the RH
strain of the parasite, CD28~/~ mice, as opposed to wild-type animals, rapidly succumbed to
the infection. Since a potent recall response is considered a hallmark of memory CD8 T
cells, these data suggest that lack of CD28 impairs the development of memory T cells [49].
Using an antibody-based approach, CD40 and CD40L were shown to play an important role
in the in vitro activation of human T cells in response to T. gondii [50]. However, in vivo
studies using mouse models demonstrated that while this pathway affected macrophages, it
did not downregulate T-cell responses, suggesting that the CD40-CD40L pathway is
dispensable for robust T-cell response [51]. Since CD40-CD40L pathways were not found
to be critical for primary T-cell responses against Toxoplasma in mice, other pathways were
investigated for their role in T-cell activation against this pathogen. These studies focused
on the CD28 homolog, inducible costimulator protein (ICOS) [52]. However, unlike CD28,
ICOS is an inducible costimulatory molecule for T-cell activation [52]. Although ICOS™~
mice elicited a poor CD4 T-cell response, the CD8 T-cell immunity remained unaffected
during acute toxoplasmosis [53]. This suggests that neither ICOS-ICOSL signaling or
differential CD4 T-cell help affects primary CD8 response during acute toxoplasmosis.
Interestingly, over 90% of brain-resident CD8 T cells expressed ICOS during chronic phase
[54]. In allograft rejection models, it has been shown that delayed but not early blockade of
ICOS-ICOSL reduces effector CD8 development, suggesting a possible role of this pathway
postpriming [55]. However, in Toxoplasma models, it remains to be addressed whether the
ICOS-ICOSL pathway has a differential effect on CD8 T cells in lymphoid versus
nonlymphoid tissue or during the acute/chronic phase. The development of a potent CD8 T-
cell response with minimal immunopathology involves a delicate balance between positive
signal from costimulatory receptors and negative signal from inhibitory receptors [56].
However, the role of the latter family of receptors on CD8 T-cell response against T. gondii
has not been thoroughly investigated. Early work on these receptors focused on cytotoxic T
lymphocyte antigen (CTLA)-4, a receptor expressed on activated CD8 T cells that binds to
CDB80 and CD86, albeit with much higher affinity than CD28 [57]. Ex vivo treatment of
splenocytes from Toxoplasma-infected mice with anti-CD3 and CTLA-4-1g was found to
significantly reduce IFN-y production in the spleen but not in the brain [48]. However, in
our laboratory, using a similar protocol for brain mononuclear cell preparation, we have
noted that apart from leukocytes, other cell types do not survive well in vitro [Bhadra R &
Khan IA, Unpublished Observations]. Hence, for more thorough understanding of the role of
CTLA-4 on brain resident CD8 T cells in the endogenous microenvironment, in vivo
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blockade with anti- CTLA-4 antibody needs to be performed. Apart from CTLA-4, PD-1, a
negative regulator of activated T cells, has been shown to be upregulated on CD8 T cells
from Toxoplasma-infected C57BL/6 mice during the chronic phase [58]. Although the
significance of the PD-1-PD-L1 pathway in mediating CD8 dysfunction in chronic viral
models is well established, the role of this pathway in the T. gondii model of infection
remains to be extensively investigated [59,60]. Overall, the mechanism relating to the
differential role of various costimulatory and inhibitory molecules in activating CD8 T cells
and modulating their function is poorly understood. Hence, a more thorough understanding
of these receptors in T. gondii models is required for their potentially critical application as
adjuvants during vaccination or other immunotherapeutic interventions. As such, using high-
throughput approaches such as microarrays in combination with conditional knockouts and
bone marrow chimeras, we may be able to better indentify and characterize new targets of
costimulation or coinhibition on CD8 T cells and elucidate the CD8 intrinsic and extrinsic
role of these molecules in mediating their activation, differentiation and effector function
acquisition.

Role of cytokines in the development of CD8 T-cell immunity against T.

gondii

Once initial CD8 T-cell activation takes place, their expansion and differentiation is
modulated by the cytokine milieu [61]. During T. gondii challenge, neutrophils
(polymorphonuclear neutrophils), macrophages, dendritic cells and several inflammatory
cell types infiltrate into the site of infection and exert their function by providing nitric
oxide, cytokines and chemokines [20,62—69]. A critical cytokine produced by these cells
during the acute phase of infection is IL-12, which is necessary for optimal induction of the
primary CD8 T-cell response [21,70-72]. The biologically active form of IL-12, IL-12p70 is
composed of two subunits: the constitutively expressed 1L-12p35 and the inducible
IL-12p40 [73]. IL-12p70 produced during T. gondii infection can induce CD8 T cells to
produce IFN-v, differentiate, proliferate and expand [70,71,74,75]. The levels of 1L-12p70
heterodimer and IL-12p40 production elicited by T. gondii is strain dependent and this can
potentially cause differences in the robustness of CD8 responses [76]. Despite the critical
role of IL-12 in mediating a potent CD8 T-cell immunity against this parasite, the addition
of 1L-23, a cytokine structurally similar to IL-12p70, does not affect T-cell-mediated IFN-y
production [77]. Moreover, CD8 T cells in Toxoplasma-infected p19~/~ (IL-23-deficient)
mice do not exhibit reduced activation vis-a-vis wild-type controls. Apart from IL-12, IL-27
(an IL-12-related cytokine) has been recently shown to play a critical role in eliciting IFN-y
production by CD8 T cells during acute toxoplasmosis [78]. However, whether IL-27 plays
any role in long-term CD8 response to T. gondii remains to be established. Interestingly, in
the same study, the authors found that CD8 intrinsic IFN-y receptor signaling is not required
for optimal IFN-y production by CD8 T cells in vivo.

Several cytokines, other than IL-12-related cytokines, are important for CD8 T-cell function
in response to T. gondii infection. This includes members of the common cytokine receptor
y-chain (yc) cytokines such as IL-2, IL-7 and 1L-15 [79]. Unlike other pathogens, T. gondii
does not induce a potent IL-2 response [80-82]. Hence, it is not surprising that in mice
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deficient in CD4 T cells, which is considered to be the primary source of IL-2, primary CD8
response during acute toxoplasmosis remains unaffected [27]. Paradoxically T. gondii-
infected IL-27~ mice exhibited poor CD8 response activation [83]. While in the former
study, the animals were orally infected, in the latter, mice were challenged via the
intraperitoneal route. These apparently contradictory observations suggest a possible
differential dependence on IL-2, based on the route of infection. Hence, the effect of CD4 T
cells or IL-2 on the maintenance of CD8 T-cell memory as well as programming and
differentiation of CD8 T-cells effectors need to be investigated more thoroughly using both
oral and intraperitoneal routes of infection.

Very little work has been carried out to investigate the function of IL-7 in the development
of CD8 T-cell responses against T. gondii. However, an early study from our group reported
that exogenous treatment with the cytokine can augment cytotoxic CD8 T-cell response
against infection [80]. Moreover, in a very recent study we reported that in absence with
IL-15, endogenous IL-7 plays a critical role in the development of T. gondii-specific CD8 T-
cell memory precursors via expression of antiapoptotic protein Bcl-2 [79]. By contrast, the
role of related yc family cytokine IL-15 in the maintenance of CD8 T-cell memory response
against Toxoplasma infection has been established by the studies conducted in our
laboratory [18,79,84-86]. Moreover, during the acute response, it plays a critical role in
regulating CD8 burst size but not per cell function [79]. Interestingly, IL-157/~ animals
survive as well as wild-type mice when infected with T. gondii, suggesting that there may be
some redundancy in its functions [85,87]. As such, when IL-157~ mice are depleted of IL-7,
they exhibit extremely rapid mortality [79]. Recently, IL-21 (another yc family member)
was demonstrated to modulate the quality and potency of CD8 T-cell response in both acute
and chronic viral models of infection [88,89]. Thus, it will be very important to address the
role of this cytokine during Toxoplasma infection in susceptible and resistant mouse strains.

Apart from the aforementioned cytokines, IL-10, a downregulatory cytokine, is induced
during T. gondii infection [90]. Interestingly, the major source of this cytokine during acute
toxoplasmosis is not Foxp3-expressing regulatory CD4 T cells but rather conventional T-
bet*Foxp3~CD4 T cells [91]. Recent studies have demonstrated that while I1L-10
downregulates CD8 response during chronic viral infection, it does not suppress CD8
immunity during acute viral infection [89,92]. In contrast to these findings, Gazzinelli et al.
noted upregulation of CD8 mediated TNF-a but not IFN-y production in IL-10-deficient B6
mice during acute toxoplasmosis [90]. Incidentally, unlike viral models such as lymphocytic
choriomeningitis virus, CD8 response against Toxoplasma is dependent on IL-12 [93]. As
IL-10~/~ mice overproduce IL-12p70, increased TNF-a production by CD8 T cells in
Toxoplasma-infected IL-10~/~ mice may be reflective of IL-12-mediated increase in the
number of antigen-specific CD8 T cells or augmented per cell functionality or both [90].
Future studies with wild-type/IL-10R~/~ mixed bone marrow-chimerized mice are needed to
address whether this augmented CD8 response in IL-10R™/~ mice is indeed due to
differential CD8 intrinsic IL-10 signaling. In agreement with observations in viral models,
the blockade of IL-10 in chronically infected BALB/c mice resulted in an increased number
of CD8 T cells in the brain with concurrent decrease in T. gondii burden [94]. However,
IL-10 blockade during acute or chronic toxoplasmosis in susceptible mice strains causes
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severe immunopathology and rapid mortality [Bhadra R & Khan 1A, Unpublished Data]
[91]. Hence, this potential risk must be taken into consideration while designing any
immunotherapeutic strategy utilizing a IL-10-blocking regimen to boost the CD8 response
against T. gondii.

Differentiation of effector & memory CD8 T-cell subpopulations

After activation of naive CD8 T cells during an infection, they expand over 104-fold and
differentiate into a heterogeneous population of effector cells [95,96]. This population is
composed of terminally differentiated effector cells termed short-lived effector cells
(SLECSs) and cells that are destined to become long-lived memory cells termed memory
precursor effector cells (MPECSs) [95,96]. Phenotypically, SLECs can be discriminated from
MPECs based on the expression of KLRG1 and lack of IL-7Ra expression on the former
[96]. Both SLECs and MPECs exhibit effector functions and low proliferative capacity
[96,97]. However, as MPECs further develop into mature memory CD8 T cells, they
become self-renewing and undergo homeostatic proliferation [96]. After this initial
expansion and differentiation, the majority of activated CD8 T cells undergoes a process
termed contraction where the terminally differentiated SLECs undergo apoptosis leaving
behind memory T cells [95]. Many factors including, antigen avidity and affinity,
costimulation and the level of inflammation can influence CD8 T-cell differentiation
[44,61,98]. The mechanisms governing these processes are being investigated in viral and
bacterial model systems and only now are beginning to be addressed in the field of T. gondii
[96].

Seminal work from Joshi et al. using Listeria monocytogenes reported that master
transcription factor T-bet acts as a rheostat whereby under highly inflammatory conditions
namely IL-12, T-bet upregulation results in preferential CD8 differentiation to SLECs as
opposed to MPEC [97]. Similarly, a recent study using the T. gondii model has
demonstrated a critical role for IL-12 in mediating T-bet-mediated generation of KLRG1*
CD8 effector T cells [93]. Although IL-12 is important for SLEC differentiation in vivo, a
study using lymphocytic choriomeningitis virus model demonstrated that their survival is
critically dependent on IL-15 [97].

Memory CD8 T cells are critical for long-term protection against many intracellular
pathogens [96,99]. These long-lived cells can be further broadly categorized into two
subsets: central memory and effector memory CD8 T (Tem) cells [100]. Effector Tem cells
are characterized by high cytotoxicity, lack of expression of lymphoid homing molecules
such as CCR7 and CD62L and persistence primarily in nonlymphoid tissue [61,101].
Central memory T (Tcm) cells on the other hand, reside mainly in secondary lymphoid
tissue, express high levels of IL-7Ra, CCR7 and CD62L and are less cytotoxic than Tem
cells [61,100]. However, these cells exhibit increased antigen sensitivity and self-renewal
and mediate rapid and robust recall responses vis-a-vis the effector memory population. In
various infectious disease models including HIV, development of a potent Tcm subset has
been linked with improved outcome, suggesting that one of the goals of any vaccination
regimen targeting CD8 T-cell-based immunity should be generation of a robust Tcm subset
[102,103]. While the differential role of Tcm and Tem in the control of T. gondii infection
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remains to be thoroughly investigated, a recent study by Wilson et al. suggests that high
levels of 1L-12, while beneficial for effector and effector memory CD8 populations, have
detrimental effect on number and function of tgd057-specific CD8 Tcm cells [20]. As
parasite virulence can alter the levels of IL-12 produced during infection, one potential
mechanism of immune escape may be via overproduction of 1L-12, thereby inhibiting
development of the Tcm subset, which may result in deficient control of chronic infection
[104].

Effector role of CD8 T cells during T. gondii infection

As mentioned previously IFN-v is critical for mediating protective immunity to T. gondii
and during chronic infection, CD8 T cells are a major source of this cytokine, which is
essential for controlling parasite reactivation [15,26]. IFN-y acts on surrounding cells,
including macrophages, which in turn inhibit the proliferation of the parasite via induction
of inducible nitric oxide synthetase (iNOS), reactive oxygen species (ROS) and indoleamine
2,3-deoxygenase (IDO) [67,105-112]. Moreover, IFN-y via modulation of p47GTPases
regulates the survival of the parasite in activated macrophages [113]. Thus, IFN-v is likely to
have two roles in controlling the parasite; initially during acute infection to reduce parasite
numbers and then during chronic infection to exert immune pressure sufficient enough to
maintain the parasites in the encysted bradyzoite stage (Figure 1). In agreement with this
notion, IFN-y =~ mice or IFN-y depletion of acutely infected wild-type mice results in rapid
mortality due to uncontrolled replication of the parasite [15,114]. Similarly, anti-IFN-y
treatment of chronically infected mice results in reactivation of encysted parasites [115,116].
CD8 T cells can also provide effector function via production of other cytokines including
TNF-a and through their cytolytic abilities [117]. The role of TNF-a in control of T. gondii
infection was shown early on to be synergistic with IFN-y [7]. A second study demonstrated
that when infected orally, depletion of TNF-a led to the death of susceptible C57BL/6 mice
[28]. An additional study investigating TE in Toxoplasma-infected mice revealed that TNF-
a depletion of chronically infected mice caused reactivation of T. gondii as rapidly as
neutralization of IFN-y suggesting that this cytokine played an equally important role in
control of chronic T. gondii infection [5]. Taken together, these studies reveal an important
function of TNF-a in the control of T. gondii parasites and development of TE in mice. In
viral and bacterial model systems, CD8 T cells have been shown to produce copious
amounts of TNF-a [118,119]. Although Gazzinelli et al. demonstrated that CD8 T cells can
indeed produce TNF-a during acute toxoplasmosis, the role of CD8-produced TNF-a during
acute and chronic infection remains to be definitively addressed [90].

CD8 T cells have been shown to directly kill extracellular tachyzoites of T. gondii in culture
cells [25]. In vitro studies demonstrated that antigen-specific cytotoxic activity towards T.
gondii-infected cells was exhibited by human CD8 T cells [120,121]. Despite the findings
from these studies, the role of this cytotoxic function of CD8 T cell in controlling T. gondii
infection is not completely understood. Although perforin knockout mice vaccinated with
the attenuated mutant ts-4 displayed severely defective CTL activity against T. gondii-
infected target cells, these mice survived infection with a virulent strain [122]. A subsequent
study using adoptive transfer of CD8 T cells from wild-type, IFN-y ~/~ or perforin™~ mice
demonstrated that perforin-mediated cytotoxicity was dispensable for prevention of TE in
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resistant mouse strain [123]. By contrast, another study using Toxoplasma-susceptible mice
demonstrated that adoptive transfer of immune CD8 T cells into infected severe combined
immunodeficiency (SCID) mice (treated with sulfadiazine to establish chronic infection)
removed encysted parasites in the brain via a perforin-dependent mechanism [124].
However, a recent paper by Schaeffer et al. demonstrating that CD8 T cells do not directly
interact with intact Toxoplasma cysts in the brain, raises the question of whether donor CD8
T cells are actually lysing intact cysts in drug-treated SCID mice [125]. This notion is
further supported by observations in sulfadiazine-treated IRF8~/~ mice (IRF8~/~ do not
produce IL-12p40 and do not upregulate IFN-v) where an increase in number and size of
parasitic foci in the brain is noted over time [126,127]. This potentially suggests that drug
treatment in immunodeficient mouse strains is unable to completely prevent cyst rupture and
parasite release. Based on these two papers, it is likely that in drug-treated SCID mice, cysts
intermittently rupture and release parasites that are then killed by donor CD8 T cells before
they can form new cysts. Over time, this would result in cyst reduction as observed by
Suzuki et al. [124]. Hence, in future studies, it will be important to keep this possibility in
mind. Apart from perforin-mediated cytolysis, recent work by Jordan et al. using cps1-1
strain of the parasite demonstrates that a perforin and Fas—FasL independent pathway may
play a subsidiary role in CD8-mediated cytotoxicity [128]. It will be critical to explore this
pathway thoroughly in future studies. Taken together, IFN-y seems to be the key effector
cytokine during both acute and chronic phases of infection. However, the role of TNF-a and
cytotoxicity associated molecules such as granzyme B and perforin in mediating CD8
effector functions during toxoplasmosis needs to be investigated further (Figure 1).
Moreover, how transcription factors other than T-bet such as eomesodermin, BLIMP,
Runx3 and Bcl-6, which have been shown to play a role in other model systems and regulate
development as well as differentiation and function of CD8 T cells during T. gondii
infection, need to be addressed [129-133]. Hitherto, a major hurdle in investigating these
questions thoroughly was the lack of information regarding dominant CD8 epitopes.
However, the advent of new tools such as MHC class | tetramers, T-cell receptor transgenic
mice and ovalbumin expressing transgenic parasites will permit dissection of effector
mechanisms of various CD8 subsets and their correlation with immune protection during
acute and chronic phases of infection with much greater clarity [20,41,42,134,135].

Conclusion

There is little debate that CD8 T cells are critical for long-term control of toxoplasmosis.
Hence, for a vaccination strategy to be successful against this pathogen, a potent CD8 T-cell
response needs to be elicited. Considering the prevalence of toxoplasmosis in developing
countries, any vaccine production strategy cannot utilize costly and labor-intensive
approaches such as peptide-loaded dendritic cell or ex vivo CD8 manipulation for instance.
Preliminary studies from the McLeod laboratory have shown partial efficacy of Toxoplasma
peptide pool immunization in HLA-A*0201 transgenic mice [43]. However, a major
obstacle that needs to be surmounted is the identification of dominant MHC class I-restricted
epitopes for T. gondii recognized by CD8 T cells during acute and chronic toxoplasmosis in
humans. Considering that Toxoplasma is a eukaryote with a complex lifecycle, it is likely
that for any vaccination regimen to be efficacious, multiple epitopes will need to be targeted
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[3,4]. Moreover, depending on whether vaccination has prophylactic or therapeutic purpose,
peptide pool and adjuvant selection may be different. For example, an adjuvant that induces
high-levels of IL-12 or inflammation may be ideal for therapeutic vaccination strategies as it
would elicit a potent effector response (Figure 2). On the other hand, use of such a regimen
for a prophylactic vaccine will not be the best solution as it may not elicit a robust long-lived
Tcm response (Figure 2). In viral infections including HIV, T-cell polyfunctionality (i.e., the
capacity to exhibit multiple effector mechanisms upon antigen encounter) has been
identified as one of the most important immune correlates of protection [118,136-138].
While the role of CD8 poly-functionality in Toxoplasma model has not been thoroughly
investigated, any vaccine design targeting this parasite must take this parameter into
consideration. A recent study using vaccination against SIV further reinforces this paradigm
[139]. In that report, the frequency of polyfunctional CD8 T cells rather than antigen-
specific CD8 T-cell frequency correlated with immune protection. Incidentally, the authors
found that vaccination with Toll-like receptor (TLR) agonists along with IL-15 elicited the
most potent polyfunctional CD8 responses. While TLR agonists (TLR2, 3 and 9) enhance
CD8 response by activating and maturing dendritic cells, IL-15 promotes the generation of
high-avidity, long-lived CD8 T cells and increases homeostatic proliferation of memory
CD8 T cells. The efficacy of a similar regimen needs to be experimented in vaccination
protocols against T. gondii. Overall, a better understanding of immune correlates of a robust,
long-lived CD8 response is critical for the development of successful vaccine against
Toxoplasma.
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Future perspective

Understanding the generation of long-term CD8 T-cell responses is central to the
development of immunotherapeutic agents against T. gondii infection. However, at
present, a major limitation in this field is the lack of information regarding epitopes
involved in the elicitation of this response in humans. In recent years, studies in this
direction have already begun and we anticipate dominant human MHC-restricted
epitopes will be identified in the near future. This will enable us to determine and
guantitate effector and memory CD8 T-cell response generated during natural infection
and various vaccination protocols. The information from these studies will provide an
important breakthrough in the understanding of factors involved in the generation of
long-term CD8 T-cell immunity against complex intracellular parasites in humans and
permit the development of improved immunotherapeutic regimens against this parasite.
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Executive summary

Toxoplasma gondii is an obligate intracellular parasite that causes morbidity
and mortality in immunocompromised individuals and also poses a risk to the
fetus of pregnant women.

Although the parasite induces a strong innate and adaptive immune response,
CD8 T cells are major effector cells responsible for long-term protection with
CD4 T cells playing an important secondary role.

While CD4 T cells are not essential for the induction of primary CD8 T-cell
immunity, they play an important role in the maintenance of long-term
response.

Effector response of CD8 T cells is dependent on their ability to secrete IFN-
v and exhibit cytolytic activity against parasite-infected cells.

Factors involved in the development of long-term (effector or central
memory) CD8 T-cell response against T. gondii infection remain
insufficiently studied.

Studies related to the parasite antigens involved in the elicitation of CD8 T-
cell immunity against the pathogen are limited.

Cytokines such as IL-12, IL-7 and IL-15 are important for the induction of
primary effector CD8 T-cell immunity. However, among these three
cytokines, only IL-15 appears to be critical for the maintenance of long-term
CD8 T-cell immune response.

Immunotherapeutic agents that induce appropriate T-cell receptor—peptide
MHC interaction, cytokine (IL-12, IL-7 and IL-15) and costimulatory milieu
during the priming phase, thereby ensuring the development of
polyfunctional effector and memory CD8 response, will serve as successful
vaccine candidates.
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Figure 1. CD8 T-cell effector mechanisms during acute and chronic toxoplasmosis
During the acute phase, CD8 T cells primarily via the production of IFN-y and possibly

TNF-a and cytotoxicity-associated molecules such as perforin and granzyme B inhibit
parasite replication and cause conversion of the parasite from tachyzoite stage to bradyzoite
stage. IFN-y elicits the production of NO, ROS and IDO and activates p47GTPases that
augment parasite clearance. During the chronic phase, CD8-produced IFN-y and possibly
TNF-a is vital for maintaining the parasites in the encysted stage.

IDO: Indoleamine 2,3-deoxygenase; iINOS: Inducible nitric oxide synthetase; ROS: Reactive
0Xxygen species.
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Figure 2. Vaccination strategy targeting CD8 T-cell response against Toxoplasma
Any vaccination strategy against Toxoplasma must involve appropriate selection of adjuvant

and peptide pools such that there is optimal TCR—peptide MHC interaction (signal 1),
costimulation (signal 2) and cytokine milieu (signal 3) during CD8 priming. In addition to
peptide pool used, adjuvant selection may need to be altered depending on whether it is a
prophylactic or therapeutic vaccine. Adjuvants that are highly inflammatory will result in
preferential CD8 differentiation to effector lineage that may be ideal for therapeutic
vaccination. Conversely, adjuvants that elicit comparatively lower inflammation will result
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in robust Tcm development, which may be optimal for prophylactic vaccination regimens.

APC: Antigen-presenting cell; MPEC: Memory precursor effector cell; SLEC: Short-lived
effector cell; Tem: T effector memory; Tcm: Central T memory; TCR: T-cell receptor.
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