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Abstract of Dissertation 

 

CD8 T cell Dysfunction during Chronic Toxoplasmosis 
 

   

             Toxoplasmic encephalitis (TE) from reactivation of chronic Toxoplasma infection is major 

cause of morbidity and mortality in HIV infected Toxoplasma seropositive patients. Hence 

understanding the mechanisms responsible for parasite reactivation in chronically infected hosts is 

critical for evolving strategies for the development of immunotherapeutic agents against the 

parasite. Effective CD8+ T cell responses, critical for control of chronic Toxoplasmosis in 

susceptible mice strains, paradoxically do not ensure their long-term survival. This suggests that 

CD8+ T cell responses during late-chronic infection are incapable of preventing mortality in 

infected mice. However, the mechanism underlying this apparently ineffective CD8+ T cell 

response during late-chronic infection has not been studied and it remains to be determined if this 

defect is responsible for loss of parasite control. We therefore tested whether CD8+ T cells during 

late-chronic toxoplasmosis become dysfunctional, as reported in some viral infections. 

          Investigation of CD8+ T cell response revealed that CD8+ T cells during later phases of 

chronic toxoplasmosis are unable to mount a potent anamnestic response, a hallmark of robust 

adaptive immunity. Moreover CD8+ T cells from these mice exhibit a progressive increase in 

expression of inhibitory molecule PD-1 with concomitant parasite reactivation. In vivo blockade of 

PD-1 interaction with its receptor PD-L1 not only augmented polyfunctional CD8+ T cell response 

but it also controlled parasite recrudescence and prevented the mortality of chronically infected 

mice. To the best of our knowledge, this is the first report of parasite reactivation caused by PD-1 

mediated CD8+ T cell dysfunction.  

          Since immune exhaustion during chronic toxoplasmosis involves a loss of polyfunctional 

CD8+ T cells, we next investigated how immune exhaustion specifically mediates preferential 
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attrition of this subset. Our study demonstrates that PD-1 is preferentially expressed on 

polyfunctional memory CD8+ T cells which renders them susceptible to apoptosis. In vitro blockade 

of PD-1-PD-L1 pathway dramatically reduces apoptosis of polyfunctional and IFNγ+GranzymeB- 

memory but not effector CD8+ T cells. These findings, underscore the critical role of the PD-1-PD-

L1 pathway in mediating attrition of this important CD8+ T cell subset and addresses the 

mechanistic basis of how αPD-L1 therapy reinvigorates polyfunctional CD8 response during 

chronic infections. The conclusions of this study can have profound immunotherapeutic 

implications in combating recrudescent toxoplasmosis as well other chronic infections. 

         Apart from TCR signal and cytokine milieu, one of the most important factors governing CD8 

response is the balance between positive signals from co-stimulatory receptors and the negative 

signals from inhibitory receptors. However, the role of co-stimulatory receptors during the rescue of 

this response has not been explored in any model of CD8 exhaustion. We demonstrate that one such 

co-stimulatory pathway, CD40-CD40L, plays a critical role during rescue of exhausted CD8 T 

cells. Blockade of this pathway abrogates the ameliorative effects of αPD-L1 treatment on CD8 T 

cells. Additionally, we demonstrate for the first time in an infectious disease model, that CD8 

intrinsic CD40 signaling is important for optimal CD8 polyfunctionality, proliferation, T-bet 

upregulation and IL-21 signaling, albeit in the context of CD8 rescue. The critical role of CD40 

during the rescue of exhausted CD8 T cells may provide a rational basis for designing novel 

therapeutic vaccination approaches. Cumulatively, these studies go a long way in understanding 

CD8 exhaustion in toxoplasma model and the insights afforded by them will help in designing 

improved vaccination strategies not only against this parasite but other persistent pathogens and 

tumors as well.
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CHAPTER 1: BACKGROUND 

1.1 Introduction 

      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 immuno-competent 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 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 TE amongst AIDS patients declined considerably in US due to 

prophylactic treatment and HAART therapy, it still remains a significant problem in 

developing countries (6).  

      Historically, T. gondii population structure has been divided into three clonal types 

based on genetic characteristics (7). However, recent studies have shown 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 

immuno-compromised individuals, immuno-competent adults may be at a higher risk for 

Toxoplasma related complications. 
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       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 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 IFNγ and TNFα  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 APC 

(antigen presenting cells) such as dendritic cells both via cell surface receptor mediated 

interactions and a conducive cytokine milieu namely IL-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 and TNF and cytotoxicity which promote further 

development of adaptive immunity and pathogen control.   

       As demonstrated  by Frenkel et al. using a 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 naïve 

recipients revealed that upon challenge only recipients that received intact splenocytes were 

protected.  This suggested that protection against T. gondii is dependent on cell-mediated 
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immunity. Later using an antibody based depletion strategy it was demonstrated that both 

CD4 and CD8 T cells were important for control of infection with CD8 T cells playing the 

dominant role (24).  Further studies by Suzuki et al, using IFNγ depletion and CD8 T cell 

adoptive transfer approach, identified IFN 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). 

Combined, these studies suggest that the critical effector mechanisms involved in 

controlling T. gondii infection include, IFN 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 multi-factorial steps involved in CD8 activation, effector function acquisition and 

memory/effector differentiation during T. gondii infection have been elucidated with greater 

clarity. However, many questions regarding this process still remain to be addressed. In this 

chapter we present current knowledge of how this multi-step process leads to the activation 

of CD8 T cell response to T. gondii and how it modulates the potency of this infection. 

Additionally we discuss how this knowledge regarding T. gondii specific CD8 T cell 

response development can be exploited for development of immunotherapeutic agents. 

1.2 Antigen presentation and priming of CD8+ T cell immunity:  

       As a first step for activation of CD8 T cell response,  cell-cell interaction between APC 

and CD8 T cell is needed (28).  Subsequently, recognition of antigenic peptide presented by 

APC in context of MHC Class I by CD8 T cells is required (28).  Early studies using in-bred 



 

 4  

and out-bred mouse strains of mice  showed that differences in the class I 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 Ld allele demonstrated 

that mice such as Balb/c which possess this allele were protected while  those that do not  

(C56BL/6, B10, CBA/J), exhibit susceptibility to infection (32-34). Experiments using mice 

expressing human MHC Class I transgenes showed similar allelic dependence for control of 

T. gondii (35).  Hence, MHC Class I haplotype is an important determinant for the 

generation of protective CD8 T cells in response to T. gondii infection.  Therefore 

identification of Class 1 restricted T. gondii specific epitopes would be helpful in generating 

vaccines that mount an effective CD8 response. Several studies have identified Toxoplasma 

surface antigens (SAG) 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) has not been 

established till a short time back. Recent studies by 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-2d) mice (41). This was followed by the discovery of two more H2-Ld restricted epitopes 

SPMNGGYYM and IPAAAGRFF from the dense granule protein GRA4 and rhoptry 

protein ROP7 respectively (42). Interestingly, while H-2Ld/GRA4 reactive CD8 T cell 

peaked during the acute phase, H-2Ld/ROP7 reactive CD8 T cells peaked during chronic 

phase, suggesting parasite-stage specific recognition of endogenous T. gondii derived CD8 
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T cell epitopes. Subsequently Wilson et al identified a novel H-2Kb restricted epitope 

SVLAFRRL derived from tgd057, a protein of unknown function (43). Hence the current 

challenge lies in identifying dominant human MHC Class I restricted epitopes for T. gondii 

antigens. Preliminary work from the laboratory of Rima McLeod has identified several 

epitopes from T. gondii antigens restricted by HLA-A02, a supertype family which is 

present in fifty percent of the human population (44). 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.  

1.3 Role of costimulatory molecules in the development of CD8 T cell immunity against 

T. gondii 

       Apart from TCR-peptide-MHC interaction costimulatory molecules play a critical role 

in adequate CD8 T cell activation (45, 46).  Co-stimulation occurs mainly via interaction of 

two families of proteins, the immunoglobulin (Ig) super-family members B7/CD28 and the 

TNFR/TNF super-family of proteins (47). Early investigations of co-stimulatory molecules 

in T. gondii, model using human  peripheral blood mononuclear cells, demonstrated that 

blockade of both CD80 and CD86 reduced T cell activation (48). Subsequently, studies in 

mouse model demonstrated that CD28, a receptor for CD80 and CD86,  was dispensable for 

protective immunity against the parasite despite reduced IFNγ production by T cells (49). 

Interestingly, when chronic infected mice were rechallenged 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, this data 

suggest that lack of CD28 impairs the development of memory T cells (50). Using an 
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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. (51). However in vivo studies 

using a mice model demonstrated that while this pathway affected macrophages it did not 

down-regulate T cell responses, suggesting that CD40-CD40L pathway is dispensable for 

robust T cell response (52). Since CD40-40L pathways were not found to be critical for the 

primary T cell response against Toxoplasma in mice, other pathways were investigated for 

their role in T cell activation against this pathogen. These studies focused on the CD28 

homologue, inducible co-stimulator protein (ICOS) (53). Unlike CD28, however, ICOS is 

an inducible co-stimulatory molecule for T cell activation (53).  Although ICOS-/- mice 

elicited a poor CD4 T cell response, the CD8 T cell immunity remained unaffected during 

acute toxoplasmosis (54). 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 the chronic phase of 

infection (55). 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 post-priming (56). However, in the Toxoplasma model it remains to be 

addressed whether ICOS-ICOSL pathway has a differential effect on CD8 T cells in 

lymphoid versus non-lymphoid tissue or during acute/chronic phase. The development of a 

potent CD8 T cell response with minimal immuno-pathology involves a delicate balance 

between positive signal from co-stimulatory receptors and negative signals from inhibitory 

receptors (57). However the role of the latter family of receptors on the CD8 T cell response 

against T. gondii has not been thoroughly investigated. Early work on these receptors 

focused on CTLA4, a receptor expressed on activated CD8 T cells that binds to CD80 and 
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CD86, albeit with much higher affinity than CD28 (58). Ex vivo treatment of splenocytes 

from Toxoplasma infected mice with anti-CD3 and CTLA4-Ig was found to significantly 

reduce IFNγ production in spleen but not in brain (49). 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 and Khan, unpublished 

observations]. Hence for a more thorough understanding of the role of CTLA-4 on brain 

resident CD8 T cells in the endogenous micro-environment, in vivo blockade with anti-

CTLA4 antibody needs to be performed. Apart from CTLA-4, PD-1, a negative regulator of 

activated T cells, has been shown to be up-regulated on CD8 T cells from toxoplasma 

infected C57BL/6 mice during the chronic phase (59). Although the significance of PD-1-

PD-L1 pathway in mediating CD8 dysfunction in chronic viral models is well established, 

the role of this pathway in T. gondii model of infection remains to be extensively 

investigated (60, 61). Overall the mechanism related to the differential role of various co-

stimulatory and inhibitory molecules in activating CD8 T cells and modulating their 

function is poorly understood. Hence a more through understanding of these receptors in T. 

gondii model is required for their potentially critical application as adjuvants during 

vaccination or other immunotherapeutic interventions. Using high-throughput approaches 

such as micro-array in combination with conditional knockouts and bone-marrow chimeras, 

we may be able to better indentify and characterize new targets of co-stimulation or co-

inhibition on CD8 T cells and elucidate the CD8 intrinsic and extrinsic role of these 

molecules in mediating their activation, differentiation and effector function acquisition. 

1.4 Role of cytokines in the development of CD8 T cell immunity against T. gondii 
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         Once initial CD8 T cell activation takes place, their expansion and differentiation is 

modulated by the cytokine milieu (62). During T. gondii challenge, neutrophils (PMNs), 

macrophages, and 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, 63-70).  A critical cytokine produced by these cells during acute phase of infection is 

IL-12 which is necessary for optimal induction of a primary CD8 T cell response. (21, 71-

73). The biologically active form of IL-12, IL-12p70 is composed of two subunits: the 

constitutively expressed IL-12p35 and the inducible IL-12p40 (74).  IL-12p70 produced 

during T. gondii infection can induce CD8 T cells to produce IFN, differentiate, proliferate 

and expand (71, 72, 75, 76). The levels of IL-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 (77). Despite the critical role of IL-12 in mediating a potent 

CD8 T cell immunity against this parasite, addition of IL-23, a cytokine structurally similar 

to IL-12p70, does not affect T cell mediated IFNγ production (78). Moreover CD8 T cells 

in toxoplasma infected p19-/- (IL-23 deficient) mice do not exhibit reduced activation vis-à-

vis wild-type controls. Apart from IL-12, IL-27, an IL-12 related cytokine has also been 

recently shown to play a critical role in eliciting IFNγ production by CD8 T cells during 

acute toxoplasmosis (79).  However whether IL-27 plays any role in the long-term CD8 

response to T. gondii remains to be established. Interestingly, in the same study the authors 

found that CD8 intrinsic IFNγR signaling is not required for optimal IFNγ production by 

CD8 T cells in vivo. 
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       Several cytokines, other than IL-12 related cytokines, are also important for CD8 T cell 

function in response to T. gondii infection. This includes members of the common-cytokine-

receptor -chain cytokines like IL-2, IL-7 and IL-15 (80). Unlike other pathogens T. gondii 

does not induce a potent IL-2 response (81-83). Hence it is not surprising that in mice 

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). Interestingly, an independent 

study showed that T. gondii infected IL-2-/- mice exhibited poor CD8 response activation 

(84). While in the former study the animals were orally infected, in the latter, mice were 

challenged via intraperitoneal route. These apparently contradictory observations perhaps 

suggest a 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 intra-peritoneal routes of infection.  

         The role of γc 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, 80, 85-87). Moreover during the acute response it plays a critical role in 

regulating CD8 burst size but not per cell function (80). Interestingly, IL-15-/- animals 

survive as well as wild type mice when infected with T. gondii, suggesting that there may be 

some redundancy in its functions (86, 88).  Very little work has been done to investigate the 

role of IL-7, a related γc cytokine, in development of CD8 T cell responses against T. gondii. 

However, early studies from our group reported that exogenous treatment with the cytokine 

can augment cytotoxic CD8 T cell response against infection (81). Moreover, in a very 
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recent study we reported that in the absence of IL-15, endogenous  IL-7 plays a critical role 

in the development of T. gondii specific CD8 T cell memory precursors via expression of 

anti-apoptotic protein Bcl-2 (80). As such, when IL-15-/- mice are depleted of IL-7, they 

exhibit extremely rapid mortality (80).  Recently IL-21, another γc family member, has been 

shown to modulate the quality and potency of CD8 T cell response in both acute and chronic 

viral models of infection (89, 90). Thus it will be very important to address the role of this 

cytokine during Toxoplasma infection in susceptible and resistant mouse strains. 

        Apart from aforementioned cytokines, IL-10, a down-regulatory cytokine is induced 

during T. gondii infection (91). 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 (92). Recent studies have demonstrated that while IL-10 down-

regulates CD8 response during chronic viral infection, it does not suppress CD8 immunity 

during acute viral infection (93).  In contrast to these findings, Gazzinelli et al noted up-

regulation of CD8 mediated TNFα but not IFNγ production in IL-10 deficient B6 mice 

during acute toxoplasmosis (91). Incidentally unlike viral models such as LCMV, CD8 

response against Toxoplasma is dependent on IL-12 (94). As IL-10-/- mice overproduce IL-

12p70, increased TNFα production by CD8 T cells in Toxoplasma infected IL-10-/- mice 

may be reflective of IL-12 mediated increase in number of antigen-specific CD8 T cells or 

augmented per cell functionality or both (91). 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, blockade of IL-10 in chronically infected Balb/c mice 

resulted in increased number of CD8 T cells in the brain with concurrent decrease in T. 
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gondii burden (95). However IL-10 blockade during acute or chronic toxoplasmosis in 

susceptible mice strains causes severe immuno-pathology and rapid mortality (92)[Bhadra 

and Khan , unpublished data]. Hence this potential risk must be taken into consideration 

while designing any immuno-therapeutic strategy utilizing IL-10 blocking regimen to boost 

CD8 response against T. gondii. 

 1.5 Differentiation of effector and memory CD8 T cell sub-populations:  

       After activation of naïve CD8 T cells during an infection, they expand over 104 fold and 

differentiate into a heterogeneous population of effector cells (96, 97). This population is 

composed of terminally differentiated effector cells termed short lived effector cells (SLEC) 

and cells that are destined to become long lived memory cells termed memory precursor 

effector cells (MPEC) (96, 98). Phenotypically SLECs can be discriminated from MPEC 

based on the expression of KLRG1 and lack of IL-7Rα expression on the former (98). Both 

SLEC and MPEC exhibit effector functions and low proliferative capacity (97, 98). 

However as MPEC further develop into mature memory CD8 T cells they become self-

renewing and undergo homeostatic proliferation (97). 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 (96).  Many factors including, antigen avidity and affinity, co-stimulation 

and the level of inflammation can influence CD8 T cell differentiation (45, 99, 100). The 

mechanisms governing these processes are being investigated in viral and bacterial model 

systems and are only now beginning to be addressed in the field of T. gondii (98).  

       Seminal work from Joshi et al using Listeria monocytogenes reported that the master 

transcription factor T-bet acts as a rheostat whereby under highly inflammatory conditions 
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namely IL-12, T-bet up-regulation results in preferential CD8 differentiation to SLEC as 

opposed to MPEC (98). Similarly,  a recent a 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 (94). Although IL-12 is important for SLEC differentiation in vivo, a 

study using LCMV model demonstrated that their survival is critically dependent on IL-15 

(98).  

        Memory CD8 T cells are critical for long term protection against many intracellular 

pathogens (97, 101). These long-lived cells can be further broadly categorized into two 

subsets: central memory and effector memory CD8 T cells (102). Effector memory CD8 T 

(Tem) cells are characterized by high cytotoxicity, lack of expression of lymphoid homing 

molecules such as CCR7 and CD62L and persistence primarily in non-lymphoid tissue (103, 

104). Central memory T (Tcm) cells on the other hand, reside mainly in secondary lymphoid 

tissue, express high levels of IL-7Rα, CCR7 and CD62L and are less cytotoxic than effector 

memory T cells (102, 105). However these cells exhibit increased antigen sensitivity and 

self-renewal and mediate rapid and robust recall responses vis-à-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 the generation of 

robust Tcm subset (106, 107). While the differential role of Tcm and Tem in the control of 

T. gondii infection remains to be thoroughly investigated, a recent study by  Wilson et al 

suggests that high levels of IL-12, while beneficial for effector and effector memory CD8 

population, has a detrimental effect on the number and function of tgd057-specific central 

memory CD8 T cells (43). As parasite virulence can alter the levels of IL-12 produced 
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during infection, one potential mechanism of immune escape may be via over production of 

IL-12, thereby inhibiting the development of Tcm subset which may result in deficient 

control of chronic infection (108).  

1.6 Effector role of CD8 T cells during T. gondii infection 

        As mentioned earlier IFN plays a pivotal role in protective immunity against T. gondii 

infection. During chronic infection, CD8 T cells are major source of this cytokine, essential 

for controlling parasite reactivation (15, 26). IFN 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) (68, 109-117). Moreover IFN, via modulation of p47GTPases, 

regulates the survival of the parasite in activated macrophages (118). Thus IFN 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-/- mice or IFNγ depletion of acutely infected wild-type mice results in rapid 

mortality due to uncontrolled replication of the parasite (24, 119). Similarly anti-IFN 

treatment of chronically infected mice results in reactivation of encysted parasites (120, 

121).   CD8 T cells can also provide effector function via production of other cytokines 

including TNF and through their cytolytic abilities (122).  The role of TNF in control of 

T. gondii infection was shown early on to be synergistic with IFN (123). A second study 

demonstrated that when infected per-orally, depletion of TNF led to the death of 

susceptible C57Bl/6 mice (124) . An additional study investigating TE in toxoplasma 



 

 14  

infected mice revealed that TNF depletion of chronically infected mice caused reactivation 

of T. gondii as rapidly as neutralization of IFNγ, suggesting that TNF played an equally 

important role in control of chronic T. gondii infection (5). Taken together, these studies 

reveal an important function of TNF 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 amount of TNFα (125, 126). Although Gazzinelli et al demonstrated that 

CD8 T cells can indeed produce TNFα during acute toxoplasmosis, the role of CD8 

produced TNFα during acute and chronic infection remains to be definitively addressed 

(91). 

         CD8 T cells have been shown to directly kill extracellular tachyzoites of T. gondii in 

culture (25).  In vitro studies demonstrated that  antigen-specific cytotoxic activity towards  

T. gondii infected cells was exhibited by human CD8 T cells (127, 128).  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 knock out (PKO) mice  

vaccinated with  the attenuated mutant ts-4  displayed severely defective CTL activity  

against T. gondii infected target cells, these mice survived challenge with  a virulent strain 

(129). A subsequent study using adoptive transfer of CD8 T cells from wild-type, IFNγ-/- or 

perforin-/- mice demonstrated that perforin mediated cytotoxicity was dispensable for 

prevention of TE in resistant mice strain (130).  In contrast, another study using Toxoplasma 

susceptible mice demonstrated that adoptive transfer of immune CD8 T cells into infected 

SCID mice (treated with sulfadiazine to establish chronic infection) removed encysted 

parasites in the brain via a perforin dependent mechanism (131). However a recent paper by 
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Schaeffer et al demonstrating that CD8 T cells do not directly interact with intact 

toxoplasma cysts in brain, raises the question whether donor CD8 T cells are directly lysing 

intact cysts in drug treated SCID mice (132). This notion is further supported by 

observations in sulfadiazine treated IRF8-/- mice (IRF8-/- do not produce IL-12p40 and do 

not upregulate IFNγ) where an increase in number and size of parasitic foci in brain is noted 

over time (133, 134). This potentially suggests that drug treatment in immuno-deficient 

mice 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 which are then killed by donor CD8 T cells before they can form new cysts. 

This would over time result in cyst reduction as observed by Suzuki et al. 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 (135). It will be critical to explore this pathway thoroughly in future studies.         

                  Taken together, IFNγ seems to be the key effector cytokine during both acute and 

chronic phases of infection. However, the role of TNFα and cytotoxicity associated 

molecules like granzymeB and perforin in mediating CD8 effector functions during 

toxoplasmosis needs to be investigated further. 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, regulate development, differentiation and function of 

CD8 T cells during T. gondii infection need to be addressed (136-140). Hitherto, a major 

hurdle in investigating these questions thoroughly was the lack of information regarding 

dominant CD8 epitopes. However advent of new tools such as MHC Class I tetramers, TCR 
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transgenic mice and OVA 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 (41, 42, 59, 141, 142). 
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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 IFNγ and possibly TNFα 

and cytotoxicity associated molecules like perforin and granzymeB inhibit parasite 

replication and cause conversion of the parasite from tachyzoite stage to bradyzoite stage. 

IFNγ elicits the production of NO, ROS and IDO and activates p47GTPases which 

augments parasite clearance. During the chronic phase, CD8 produced IFNγ and possibly 

TNFα is vital for maintaining the parasites in the encysted stage.  
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Adapted from (143) 
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1.7 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 cost 

and labor intensive approaches like peptide-loaded dendritic cell or ex vivo CD8 

manipulation for instance. Preliminary studies from Rima McLeod laboratory have shown 

partial efficacy of Toxoplasma peptide pool immunization in HLA-A*0201 transgenic mice 

(44). 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 complex life-cycle, it is likely that for any vaccination regimen to be efficacious, 

multiple epitopes will need to be targeted (3, 144). Moreover depending on whether 

vaccination has prophylactic or therapeutic purpose, peptide pool and adjuvant selection 

may be different. For instance 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. 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 (125, 145-147). While the role of CD8 

polyfunctionality in Toxoplasma model has not been thoroughly investigated, any vaccine 

design targeting this parasite, must take this parameter into consideration. A recent study 
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using vaccination against SIV further reinforces this paradigm (148).  In that report, 

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 

TLR (Toll-like receptor) agonists along with IL-15 elicited the most potent polyfunctional 

CD8 responses. While TLR agonists (TLR2,3,9) 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 21  

Figure 2. Vaccination strategy targeting CD8 T cell response against Toxoplasma. Any 

vaccination strategy against Toxoplasma must involve appropriate selection of adjuvant and 

peptide pool such that there is optimal TCR-pMHC 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 which may be ideal for therapeutic vaccination. 

Conversely, adjuvants that elicit comparatively lower inflammation will result in robust 

Tcm development which may be optimal for prophylactic vaccination regimens. 
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Adapted from (143) 
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1.8 Future perspectives 

 
        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 

eliciting this response in humans. In recent years, studies in this direction have already 

begun and we anticipate in the near future dominant human MHC restricted epitopes will be 

identified. This will enable us to determine and quantitate 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 

the 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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                                            CHAPTER 2: SPECIFIC AIMS 

         Toxoplasmic encephalitis (TE), a major cause of morbidity and mortality in 

Toxoplasma seropositive HIV infected population occurs primarily due to reactivation of 

chronic toxoplasmosis (149-151). Effective CD8+ T cell response is critical for control of 

both acute and chronic Toxoplasmosis in susceptible mice strains (152).  Although 

Toxoplasma elicits a robust CD8+ T cell response during the acute phase (80), this 

response during the chronic phase paradoxically does not ensure long-term survival of 

susceptible mice strains (152). Taken together, these studies suggest that although critical 

for preventing parasite reactivation, endogenous CD8+ T cell responses during late-

chronic infection are incapable of preventing mortality in infected mice. However, the 

mechanism underlying this apparently ineffective CD8+ T cell response during late-

chronic infection has not been studied and it remains to be determined if this defect is 

responsible for loss of parasite control. We therefore hypothesize that CD8+ T cells during 

late-chronic toxoplasmosis become dysfunctional leading to parasite reactivation and host 

mortality. We propose the following specific aims to address the proposal: 

 

 Specific Aim 1. To characterize how differential CD8+ T cell functionality affects 

parasite control during early-chronic and late-chronic Toxoplasmosis. Our preliminary 

data show that during late-chronic toxoplasmosis CD8+ T number and IFN production are 

reduced. This correlates with reduction in brain cyst and increased host mortality. Based on 

this, we hypothesize that CD8+ T cells undergo exhaustion during chronic toxoplasmosis 
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which results in hierarchical loss of CD8+ T cell functionality leading to parasite 

reactivation and consequent host mortality. 

 

Specific Aim 2.  To study the mechanism involved in CD8+ T cell mediated 

dysfunction. Preliminary data demonstrate that PD-1, an inhibitory receptor of the B7-

CD28 super-family that has been shown to be involved in chronic viral models of 

exhaustion (153) , is significantly upregulated on splenic and brain CD8+ T cells during 

late-chronic Toxoplasmosis. Concomitant with this, increased expression of PD-1 receptor 

PDL-1 is noted on lymphocytes. Based on this, we hypothesize that high PD-1 expression 

induces CD8+ T cell exhaustion during late chronic Toxoplasmosis and that blockade of 

PD-1-PDL-1 pathway will rescue exhausted CD8+ T cells leading to control of parasite 

reactivation and prevention of host mortality.  

 

Specific Aim 3. To study the role of co-stimulatory receptors during rescue of 

exhausted CD8+ T cells. Preliminary data from our laboratory suggest that CD8+ T cells 

from αPD-L1 treated chronically infected mice express high levels of the co-stimulatory 

molecule CD40 vis-à-vis isotype treated controls. Apart from TCR signal and cytokine 

milieu, one of the most important factors governing CD8 response is the balance between 

positive signals from co-stimulatory receptors and the negative signals from inhibitory 

receptors (143). It has been postulated that interplay between signals from co-stimulatory 

and inhibitory receptors may play an important role in T cell activation, differentiation, 

effector function and exhaustion (154). However, the role of co-stimulatory receptors 

during the rescue of this response has not been explored in any model of CD8 exhaustion. 
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Therefore we hypothesized that blockade of inhibitory PD-1-PD-L1 pathway in chronically 

infected mice would lead to upregulation of co-stimulatory receptors and such positive 

signals would be critical for the rescue of dysfunctional CD8 T cells 
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                                                  Chapter 3: METHODS 

 

Mice 

6 to 8 week old female C57BL/6 (CD45.2, CD90.2) and B6-Ly5.2 (CD45.1) mice were 

purchased from the National Cancer Institute. Similarly aged female B6.PL-Thy1a/CyJ 

(CD90.1), CD40-/- and CD8-/- mice were purchased from the Jackson Laboratory. Animal 

studies were carried out in agreement with Institutional Animal Care and Use Committee 

approved guidelines at George Washington University Medical Center. 

 

Bone marrow chimera generation 

Mixed bone marrow chimeras were generated by injecting via i.v. route equal number 

(5x106 CD90.1 and 5x106 CD40-/-) of bone marrow cells from CD90.1 and CD40-/- mice 

into lethally irradiated (800 rads) CD45.1 recipients. During reconstitution the chimeras 

were maintained on medicated water (Sulfatrim; Hi-Tech Pharmacal) that was changed on 

weekly basis. After 8 weeks of bone marrow reconstitution chimeras were infected as 

discussed below. 

 

Parasites, Infection and TLA preparation. 

T. gondii cysts of ME49 strain were prepared from the brains of infected mice. For 

experimental infections, animals were infected (or rechallenged) with an average of 10 

cysts/mouse via intra-gastric (i.g.) route. In some cases mice were infected intraperitoneally 

(i.p.) with 5x105 parasites of RH strain (Type I).  Infected mice were sacrificed by CO2 
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inhalation at different time points pi. Toxoplasma Lysate Antigen (TLA) was extracted 

from RH strain of parasite and preparation was carried out as previously described (18).  

 

Moribund mice  

Mice were scored daily on a scale of 1 (asymptomatic)-5 (most severe) based on several 

aspects. Moribund mice were characterized by severe loss of mobility, hunched back, 

piloerection, ruffled fur and weight loss. 

 

In vivo antibody treatment 

For in vivo IFN depletion, rat anti-IFN (4mg; clone XMG1.2; BioXCell) or rat IgG1 

isotype-matched control antibody (4mg; BioXCell) were injected i.p. daily for 4 days 

starting at day 31 pi. Rat anti-PDL-1 (155) (200g; MIH5; prepared ‘in house’) or rat 

IgG2a isotype-matched control antibody (200g; BD Biosciences) were administered i.p. 

every third day for 2 weeks beginning at week 5 pi unless otherwise mentioned in the 

figure legends. MIH5 is a non-depleting antibody (156). For CD8 depletion, anti-PDL-1 

treated mice were administered rat anti-CD8 (500g; clone 2.43; BioXCell) i.p. every third 

day beginning at day 126 pi till termination of experiment. Control mice were administered 

rat IgG2b isotype-matched control antibody (200g; BD Biosciences). For blockade of 

CD40L mice were injected with αCD40L (500g; clone MR1; BioXCell) every third day 

i.p. starting at week 5 post infection (pi) for 2 weeks. Hamster IgG (500g; BioXCell) was 

injected to control mice.  
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ELISA 

Blood obtained via intra-cardiac puncture was allowed to coagulate for 30min. Then, it was 

centrifuged at 5000 rpm and serum was collected. The serum was stored at -20°C till 

further use. Serum IFNγ was assayed using ELISA Max Mouse IFNγ Kit (BioLegend) as 

per manufacturer’s protocol.  

 

Lymphocyte isolation and staining  

Single cell suspension was prepared from spleen, liver, blood and brain using standard 

protocol (42, 43). Briefly, for spleen, single cell suspensions were made by mechanical 

disruption followed by red blood cell lysis. For hepatic lymphocyte enrichment, livers were 

perfused with 10 ml cold PBS, excised minced, and passed through a meshed screen. The 

cells were washed in cold PBS, and one liver equivalent was suspended in 15 ml of 30% 

Percoll (Sigma) solution in the presence of 100 IU/ml heparin (Sigma). The suspension was 

centrifuged for 10 min at 2000 rpm and the pellet was resuspended in cold PBS-2%FCS. 

For brain lymphocyte enrichment, brains were individually washed in HBSS-heparin (2 

IU/ml) and then mashed through a 70 m cell strainer, followed by gradient centrifuge 

(2000 rpm for 20 min) in 30% Percoll solution containing 100 IU/ml of heparin. Pellet was 

then resuspended in cold PBS-2% FCS. For peripheral blood, blood was initially collected 

in 2 ml of PBS containing 100U/ml of heparin. Partial red blood cell lysis was then carried 

out. For imnuo-phenotyping 1x106 spleen or brain or liver cells were plated per well. For 

phenotyping peripheral blood cells, 3x106 cells per well was used. For direct ex vivo 

assessment of apoptosis, BD AnnexinV Kit was used as per manufacturer’s protocol. 
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The following antibodies were used in cell surface staining and intracellular staining of 

lymphocytes : anti-CD8 (clone H35-17.2; eBioscience), PD-1 (clone J43; eBioscience), 

PDL-1 (clone MIH-5; eBioscience), PDL-2 (clone TY25; eBioscience), Eomes (clone 

21Mags8 for experiments in Chapter 4; clone Dan11Mag for experiments in Chapter 6; 

eBioscience), CD90.1 (clone OX-7; BioLegend), T-bet (clone 4B10; Santa Cruz 

Biotechnology), Granzyme B (clone GB11; Invitrogen), Ki-67 (clone B56; BD 

Biosciences), Active caspase-3 (clone C92-605; BD Biosciences), IFN (clone XMG1.2; 

BD Biosciences), NK1.1(clone PK136; eBioscience), CD11b (clone M1/70; eBioscience), 

GR1 (clone RB6-8C5; eBioscience), F4/80 (clone BM8; BioLegend), CD3 (clone 145-

2C11; eBioscience), CD19 (clone 6D5; BioLegend), CD44 (clone IM7; BioLegend), 

CD127 (clone A7R34; eBioscience), CD43 (clone 1B11; BioLegend), IL-2 (clone JES6-

5H4; eBioscience), TNFα (clone MP6-XT22; eBioscience), CD4 (clone GK1.5; 

eBioscience), Bcl-6 (clone mGl191E; eBioscience), KLRG1 (clone 2F1; eBioscience), IL-

21 (clone mhalx21; eBioscience), IL-21R (clone 4A9; BioLegend), CD90.2 (clone 30-H12; 

BioLegend), CD45.1 (clone A20; BioLegend), CD40 (clone 1C10; eBioscience), CD40L 

(clone MR1; eBioscience) and CXCR5 (2G8; BD Biosciences). Appropriate isotype 

controls were used throughout. For sorting PD-1 expressing CD8+ T cells, RMP1-30 

(eBioscience) clone was utilized. This clone does not inhibit PD-1 interaction with its 

ligand (157). 

Intracellular staining was performed after surface staining, using Cytofix/Cytoperm Kit 

(BD Biosciences) as per manufacturer’s protocol. Cell fluorescence was measured with a 

BD FACS Calibur or BD FACS Aria or Cytek upgraded 8-color BD FACS Calibur 
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cytometer which accounts for differences in fluorescence scale. Data was analyzed using 

FlowJo (TreeStar) software. Live cells were lymphocyte gated based on forward-scatter 

and side-scatter. For Chapter 6 (Fig. 23-26), Fixable Live/Dead Aqua (Invitrogen) staining 

was performed prior to surface staining and live lymphocytes were gated based on Aqua 

negative stain, followed by lymphocyte gating based on forward-scatter and side scatter. 

For samples acquired using digital cytometers, aggregates were gated out based on scatter. 

Gating for positive and negative populations was set up based on FMO (fluorescence 

minus one) controls. For Chapter 6, following Flowjo analysis, computation for 

enumerating bifunctional and trifunctional cells was performed using PESTLE and SPICE 

programs, generously provided to us by Dr. Mario Roederer (NIH).  

 

Intracellular cytokine detection 

For cytokine detection in CD8 T cells, 5x105 naïve splenocytes from congenic mice 

(Chapter4-5) or CD8-/- mice (Chapter 6) was mixed with equal number of brain or splenic 

cells from infected mice and restimulation was similarly carried out for 16h in presence of 

toxoplasma lysate antigen (TLA, 30 g/ml). 0.65 l/ml of monensin (BD Biosciences) and 

0.65 l/ml of brefeldin A (BD Biosciences) were added during the final 9h of stimulation. 

Cytokine detection in splenic CD4 T cells was similarly carried out without CD8-/- 

splenocyte addition. 

 

In vitro agonistic CD40 treatment 
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CD8 T cells were purified using biotinylated anti CD8α antibody (BioLegend) in 

conjunction with EasySep Biotin Selection Kit (STEMCELL Technologies). Over 90% 

purity was acheived as assessed by flow cytometry. Cells were plated into a 96 well plate at 

5x105 cells/well. Agonistic CD40 (FGK4.5, BioXCell)  or isotype control (Rat IgG2A; 

BioXCell) was used in vitro at a final concentration of 10 μg/ml for 6 h at 37°C. 

 

In vitro αPD-L1 treatment 

Rat anti-PDL-1 (MIH5; prepared ‘in house’) or rat IgG2a isotype-matched control antibody 

(200g; BD Biosciences) was added at final concentration of 30 μg/ml to splenocyte 

culture (1x106 cells/well). Unless otherwise mentioned, for detection of active caspase3, 5 

h incubation was carried out at 37°C. For detection of active caspase3 expression in 

cytokine producing cells 16h incubation was carried out in presence of brefeldin A, 

monensin and TLA as mentioned earlier. 

 

Flow cytometric detection of T. gondii infected cells 

Single cell suspensions prepared as above were surface stained. Intracellular staining was 

performed as described above with some modifications. After permeabilization, staining 

with FITC labeled polyclonal anti Toxoplasma antibody (Abcam) was performed, followed 

by incubation with biotinylated anti-FITC antibody (FIT-22; BioLegend) and subsequent 

labeling with Streptavidin FITC (eBioscience). Cells were analyzed on mononuclear 

leukocyte gate based on forward-scatter and side-scatter.   
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BrdU injection and staining 

BrdU (BD Biosciences) was injected at 1mg/mouse i.p. on alternate days between week 4 

and week 5 pi. Splenocytes and brain cells were analyzed for BrdU incorporation at week 5 

and week 7 pi. Staining was performed using FITC BrdU Flow Kit (BD Biosciences) as per 

manufacturer’s protocol.  

 

Cytotoxic T lymphocyte (CTL) Assay 

CTL assay was performed as previously described (81). Briefly CD8+ T cells stimulated 

with TLA were incubated with infected 51Cr labeled macrophages at various effector-target 

ratios in 96 well U-bottomed plates. After 4h incubation the supernatants were measured 

for radioactive release and percentage of cytotoxic response calculated.  

 

Real-time RT-PCR 

Total RNA was harvested from flash frozen infected mouse brains by homogenization in 

Trizol reagent (Invitrogen), followed by extraction using phenol chloroform, digestion with 

DNAse-1 (Roche) and then further purification with RNeasy spin columns (Qiagen). 

cDNAs were generated using M-MLV reverse transcriptase (Invitrogen) and semi-

quantitative real-time PCR was performed using iQ SYBR Green Supermix (BioRad) with 

primers for ENO-1, ENO-2, SAG-1, BAG-1 and Toxoplasma specific actin (TgACT-1; 

IDT) on an iCycler iQ thermal cycler (BioRad). Samples used for RT-PCR were first 

normalized for constitutively expressed Tg-ACT1. PCR reactions were carried out using 1 

cycle at 95° C for 10 minutes followed by a two step cycle, one at 95° C for 15 seconds 

then another at 60° C for 1 minute repeated 40X.  PCR products were then analyzed for 
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quality by melt curve analysis. Quantitation of transcripts for ENO-1,ENO-2,SAG-1 and 

BAG-1 relative to day 10 post infection (day 10 post infection relative transcript level = 

1.0) were calculated according to the Pfaffl method of quantitation (158). Primer sequences 

are as follows:  

5’TgACT-1    TCCCGTCTATCGTCGGAAAG  

3’TgACT-1    CCATTCCGACCATGATACCC  

5’SAG-1        ATCGCCTGAGAAGCATCACTG    

3’SAG-1        CGAAAATGGAAACGTGACTGG    

5’BAG-1        GACGTGGAGTTCGACAGCAAA    

3’BAG-1         ATGGCTCCGTTGTCGACTTCT 

5’ENO-1        GGTATTGATATGCTTATGGTGGAG 

3’ENO-1        GCGATGTATTTGTATAGTGGTAGG 

5’ENO-2        CCGTGACAAGGACCAAAC 

3’ENO-2        ACTCGTTCTTAGTTCCATCG 

 

Quantification of Parasite Burden by Real-time PCR                                                                                   

Animals were euthanized via CO2 overdose and blood was harvested via intra-cardiac 

puncture and flash frozen in liquid nitrogen. DNA was extracted from entire organs using a 

Qiagen DNeasy Tissue Kit (Qiagen). Amplification of parasite DNA from 400 ng of 

purified tissue DNA was performed using primers specific for the T. gondii B1 gene (159)  

at 10 pMol each per reaction (IDT) and amplified by real-time fluorogenic PCR using iQ 

SYBR Green Supermix (Biorad) on an iCycler iQ thermal cycler (BioRad). Parasite DNA 

equivalents were used as a standard curve to which infected mouse tissue DNA samples 
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were compared.  Parasite genome equivalents were calculated via extrapolation from the 

standard curve. 

 

In vitro bradyzoite induction and imaging 

As previously published parasites (Type II) were cultured in human fibrolasts for 3 days at 

pH8 and 2 days at pH7 for bradyzoite and tachzyzoite differentiation respectively 

(160).  IFA was done as previously described (160). Briefly, samples were fixed for 30 min 

with 2% buffered formalin, washed 3 times with PBS, permeablized with 0.2% Triton 

X100 for 20 min, washed 3 times with PBS, blocked with1% BSA at 4C, washed 3 times 

with PBS and then incubated with the primary antiserum (mAB 74.18: BAG-1 at 1:100 

dilution and mAB DG52 SAG-1 at 1:500 dilution) for 1 hr at 37 C.  Following incubation 

with the primary antiserum the slides were then washed 3 times with PBS and then 

incubated with secondary antiserum (fluorescein or rhodamine anti mouse IgG at 1:100) for 

1 hr at 37C, washed 3 times with PBS and then examined under a Nikon Diaphot 

fluorescent microscope utilizing the correct filters for the secondary antibody label (i.e. 

either rhodamine and fluorescein).   

 

Drug treatment 

Toxoplasma infected mice were administered sulfamethoxazole and trimethoprim oral 

suspension (Hi-Tech Pharmacal) via drinking water. A previous study has shown that this 

regimen has similar clinical efficacy to sulfadiazine-pyrimethamine treatment and produces 

fewer adverse effects (161). 5ml of the suspension containing 200 mg of sulfamethoxazole 
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and 40 mg of trimethoprim was added to 245 ml of drinking water. Medicated water was 

replaced every third day. 

 

Statistical analysis 

Unless otherwise mentioned statistical analysis was performed using unpaired two-tailed 

Student’s t test with P<0.05 taken as statistically significant. For comparing wild-type and 

CD40-/- T cell data from chimeras within the same treatment group, paired two-tailed t test 

was used while for comparing WT or KO data between different treatment groups (i.e. 

isotype vs. αPD-L1 treated chimera) unpaired two-tailed t test was utilized. Comparison of 

survival curves was performed using Log-rank (Mantel-Cox) Test. Error bars in graphs 

represent standard deviation of values of individual mice in the group from one experiment. 

All statistical analysis and bar graphs were prepared using GraphPad Prism Software. Pie 

charts were prepared using Microsoft Excel. 
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Chapter 4: Control of Toxoplasma reactivation by rescue of dysfunctional CD8+ T 

cell response via PD-1-PD-L1 blockade 

 

4.1 Introduction 

        In the intermediate host, Toxoplasma undergoes stage conversion between the rapidly 

replicating 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). Effective CD8+ T cell response, critical for control of both acute and 

chronic Toxoplasmosis in susceptible mice strains, paradoxically do not ensure their long-

term survival (162). Poor long-term survival of Toxoplasma infected B10 mice is 

associated with reduced number of intra-cerebral T cells and TE development (31). 

Additionally, depletion of CD8+ T cells rather than CD4+ T cells has a greater effect on 

mortality of chronically infected animals (120). Taken together, these studies suggest that 

although critical for preventing parasite reactivation, CD8+ T cell responses during late-

chronic infection are incapable of preventing mortality in infected mice. However, the 

mechanism underlying this apparently ineffective CD8+ T cell response during late-chronic 

infection has not been studied and it remains to be determined if this defect is responsible 

for loss of parasite control. We therefore tested whether CD8+ T cells during late-chronic 

toxoplasmosis become dysfunctional, as reported in some viral infections (163). 
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4.2 RESULTS 

4.2.1 Toxoplasma infected mice show increased tachyzoite-specific gene expression 

with concomitant decrease in CD8+ T cell response during chronic toxoplasmosis 

               Humans are most commonly infected orally with Type II strains of Toxoplasma 

(164). To establish the loss of immune control during chronic infection we first wanted to 

indentify the kinetics of long-term survival in B6 mice infected orally with type II strain 

(ME49) cysts. Most of these animals succumb to infection after 7 weeks of challenge (Fig. 

3A). Host innate and adaptive immunity are thought to cause differentiation of tachyzoites 

into chronic slow growing bradyzoites (165). Since encysted parasites can persist for life 

and are not believed to be associated with disease pathology, several studies have 

postulated that rather than the incidence of parasites which remain primarily encysted in 

chronically infected brains, the degree of bradyzoite-tachyzoite inter-conversion is a better 

hallmark of disease reactivation (3, 7, 166). Therefore we assayed parasite reactivation by 

changes in parasite stage specific gene expression. We measured the transcription of the 

tachyzoite stage-specific Enolase-II (ENO-2) and the bradyzoite stage-specific Enolase-I 

(ENO-1), two genes that have been previously shown to change in very high levels (167-

169). Concomitant with poor survival of T. gondii infected mice during the late-chronic 

phase, increased ENO-2 expression and decreased ENO-1 expression was noted at week 7 

pi, suggesting parasite reactivation (Fig. 3B). Interestingly, we observed that expression of 

both ENO-2 and ENO-1 occurs at week 10, indicating that despite limited tachyzoite to 

bradyzoite differentiation, the parasites are still undergoing reactivation i.e. a bradyzoite to 

tachyzoite conversion. (Fig 3B). To verify that ENO-2 and ENO-1 corresponded to the 

tachyzoite and bradyzoite stage of T. gondii, the gene expression patterns of the parasite 
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were examined again in vivo using established models of acute and chronic infection. Mice 

were infected with Type I RH strain (lethal acute infection) or Type II ME49 strain 

(chronic) (161, 170). Some of the ME49 infected animals were treated with drugs known to 

control reactivation of chronic infection (161, 170). As expected, RH infected mice 

exhibited high tachyzoite-specific gene expression (SAG-1, ENO-2) and minimal 

bradyzoite-specific gene expression (BAG-1, ENO-1) (Fig. 4A). In contrast, drug treated 

mice showed reduced SAG-1 and ENO-2 transcript levels and increased BAG-1 and ENO-

1 expression vis-à-vis untreated ME49 infected mice. Next we further confirmed the stage-

specificity of the above markers using Type II parasites maintained in vitro under 

tachyzoite or bradyzoite inducing conditions (160). Immunofluorescent microscopic 

analysis showed that stage-specific protein expression corresponded with our stage-specific 

transcript profile (Fig. 4B,C)  

          Tissue cysts in brain occur almost exclusively in neurons and not in leukocytes 

during the chronic phase (171). Since a recent study has shown that leukocytes can be used 

for parasite dissemination during the acute phase (172), we examined these cells for 

parasitization as a further readout of reactivation. To characterize, whether parasite 

reactivation increased the frequency of Toxoplasma infected leukocytes, mononuclear 

leukocyte-gated blood and brain cells were examined for parasites by flow cytometry. 

While minimal infection of blood and brain leukocytes was noted during the early-chronic 

phase, high infection rates were observed during the late-chronic period particularly in 

moribund mice (Fig. 5A). Similar to observations noted by Courret et al (172), the level of 

parasite infection was much higher in circulating leukocytes vis-à-vis brain leukocytes 

assayed at the same time. It has been speculated that this may be due to multiple 
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populations of non-leukocytic brain lineages that are differentially permissive to T. gondii 

in the brain (172). Next we assessed if reactivated parasites preferentially infected specific 

leukocyte subsets in a site dependent manner. Irrespective of tissue, the majority of 

parasitized leukocytes corresponded to a myeloid phenotype (Lineage-F4/80+GR1+, Fig. 

5B-E). Since IFN depletion during chronic Toxoplasmosis has been reported to induce 

parasite reactivation and host mortality , we determined if chronically (early phase) 

infected anti-IFN treated mice showed increased leukocyte parasitization (120). In 

agreement with the parasite kinetic data presented above, anti-IFN treatment resulted in a 

marked increase in percentage of infected leukocytes (Fig. 6A,B).  Taken together, our data 

suggests that during late-chronic phase, parasite stage conversion results in reactivation of 

disease.  

           As Toxoplasma infection induces a robust CD8+ T cell immunity that is known to be 

critical for long-term protection, it is unclear why this potent immune response failed to 

prevent recrudescence of infection (120). By measuring the kinetics of CD8+ T cell 

immunity we demonstrate that CD8+ T cell response peaked at week 3-5 pi followed by 

gradual contraction (Fig. 7A). Concomitant with this, reduced frequency of splenic and 

brain IFN+Granzyme B+ and IFN-Granzyme B+ CD8+ T cells was noted (Fig. 7B). 

One of the quintessential features of robust long-term CD8+ T cell immunity is the 

generation of a rapid response upon secondary challenge (50). To verify the potency of 

secondary response, Toxoplasma infected animals were rechallenged during the early-

chronic and late-chronic phase and assessed for cycling CD8+ T cells (Fig. 7C). Mice 

rechallenged during the early-chronic phase demonstrated a significant increase in absolute 
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number of proliferating splenic CD8+ T cells over unchallenged mice (Fig. 7C). In contrast, 

no significant change in cycling CD8+ T cells was noted in rechallenged animals during the 

late-chronic phase. The data clearly demonstrates that a potent recall response, a hallmark 

of robust CD8+ T cell immunity is compromised during later stages of chronic 

toxoplasmosis. 
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Figure 3. Parasite reactivation during late-chronic T. gondii infection. (A) C57BL/6 

mice were infected with 10 ME49 cysts orally and survival was monitored on a daily basis. 

(B) Relative expression of ENO-1 and ENO-2 at weeks 3,5,7 and 10 pi in brain was 

computed for each sample. Transcript levels at day 10 pi was taken as 1. The data represent 

two experiments with at least 4 mice per group. Error bars represent standard deviation 

throughout. 

 

 

 

 

 

 

 

 

 



 

 43  

 

 

 

 

 

 

 

 



 

 44  

 

Figure 4. Validation of in vivo parasite stage specific gene transcription. (A) Relative 

expression of SAG-1, BAG-1, ENO-2 and ENO-1 was computed in ME49 (type II strain) 

and RH (type I strain) infected mice brains. Transcript levels at day 10 pi (ME49 infected) 

was taken as 1. The data represent two experiments with 3-5 mice per group. (B) Left panel 

depicts SAG-1 staining of ME49 parasites cultured in vitro under tachyzoite skewing 

conditions (pH 7). The right panel depicts BAG-1 staining of ME49 parasite under 

bradyzoite skewing conditions (pH 8). (C) Relative expression of SAG-1, BAG-1, ENO-2 

and ENO-1 was calculated for in vitro culture parasites. Transcript levels for parasites 

cultured in vitro under tachyzoite skewing conditions was taken as 1. The data represent at 

least 2 experiments with 3 replicates per condition 
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Figure 5. Majority of T. gondii infected leukocytes exhibit a myeloid lineage 

phenotype. (A) T. gondii infected cells in brain and blood leukocyte gated samples were 

assayed by flow cytometry at various time points pi. (B) represents the frequency of T. 

gondii infected cells in different tissues (spleen, blood, liver and brain) at week 7 pi. (C) 

depicts the mononuclear leukocyte composition in the above samples. (D) T. gondii 

infected mononuclear cells were analyzed for various leukocyte subsets. (E) depicts 

expression of GR1 and F4/80 on T. gondii infected Lin-CD11bhi cells. Lin denotes any of 

the following lineage markers: CD3 or CD19 or NK1.1. The data represent two 

experiments with 4 mice per group.  
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Figure 6. Increased parasitization of leukocytes in mice treated with anti-IFNγ during 

early-chronic infection. (A) Anti-IFNγ antibody was injected daily, starting at day 31. 

Animals were sacrificed 4 days after initiation of treatment. (B) T. gondii infected cells in 

brain leukocyte gated samples were assayed by flow cytometry. Data is representative of 

two experiments with 5 mice per group. 
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Figure 7. Poor CD8+ T cell response during late-chronic T. gondii infection. (A) shows 

the absolute number of CD8+ T cells at weeks 3,5,7 and 10 pi. (B) IFN and Granzyme B 

production by CD8+ T cells was evaluated in splenocytes or brain cells from infected mice 

in presence Toxoplasma lysate antigen (TLA). (C) At week 5 and 7 post primary infection, 

mice were rechallenged orally with 10 cysts and animals were sacrificed 4 days later. 

Absolute number of cycling CD8+ T cells was evaluated in spleen during early-chronic and 

late-chronic infection with or without rechallenge. The data represent two experiments with 

at least 4 mice per group. Error bars represent standard deviation throughout. 
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4.2.2 CD8+ T cells upregulate PD-1 during chronic toxoplasmosis 

         The role of PD-1 in mediating dysfunction in chronic parasitic models has not been 

extensively addressed (173, 174). Although PD-1 expression during toxoplasmosis has 

been recently reported (59) its role in mediating CD8+ T cell dysfunction or pathogenesis as 

shown in chronic viral models like LCMV, HBV, HCV and HIV (153), is currently 

unknown. Analysis of CD8+ T cells revealed a progressive increase of PD-1 expression and 

frequency during the chronic stage of parasite infection (Fig. 8A). Of the two PD-1 ligands, 

PDL-1 and PDL-2, the MFI of the former but not the latter increased during the course of 

chronic infection (Fig. 8B,C).  

        Since increased PD-1 MFI correlated with decreased frequency of splenic IFN+CD8+ 

T cells (Fig. 7B, 8A)., we hypothesized that PD-1hiCD8+ T cells would have reduced 

capacity to release IFN. To address this, we measured the proportion of IFNγ producing 

cells within PD-1hiCD8+ and PD-1intCD8+ T cell population. No significant difference in 

cytokine positive cells between the two populations was noted (Fig. 8D,E). Although this 

suggests that PD-1 expression does not directly regulate IFN production in CD8+ T cells, 

the role of other factors such as extent and duration of PD-1 cross-linking as well as 

frequency of PD-1-PDL-1 engagement in regulating CD8+ T cell mediated IFN 

production cannot be ruled out. Irrespective of the time point, very few PD-1lo cells 

produced IFN, indicating that an overwhelming majority of CD8+ T cells in this subset are 

naïve. Although we did not observe a significant difference in frequency of IFN+CD8+ T 

cells between the PD-1hi and PD-1int CD8+ T cell subsets, we hypothesized that the reduced 

frequency of splenic IFN+CD8+ T cells during late-chronic infection could be due to 
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apoptosis of PD-1hi cells. As recent studies have suggested that apoptosis can be coupled to 

cell cycle progression (175, 176), we incubated splenocytes from week 7 infected mice for 

5h at 37C and stained for CD8, PD-1, Ki-67 and active caspase-3, the active form of the 

apoptosis related cysteine peptidase. While cycling PD-1hiCD8+ T cells exhibited a higher 

expression of active caspase-3 than non-cycling PD-1hiCD8+ T cells, PD-1int/lo cells had a 

much lower MFI than cycling or non-cycling PD-1hi cells (Fig. 8F,G), suggesting that 

cycling PD-1hiCD8+ T cells exhibit poor survival.  

        Since PD-1 has been reported to be transiently expressed in acute viral infections 

(153), increased PD-1 MFI during later stages of chronic toxoplasmosis could be due to 

generation of new PD-1 expressing effectors in response to parasite recrudescence. To 

address this we used a BrdU pulse-chase approach and then measured PD-1 expression on 

BrdU+ and Brdu- CD8+ T cells during early-chronic and late-chronic phase (Fig. 9A-D). 

Dramatic increase in PD-1 MFI and frequency of PD-1hi cells was noted only in BrdU 

labeled fraction. This suggests that PD-1 up-regulation is a graded process and majority of 

PD-1hiCD8+ T cells at week 7 pi are not new effector cells generated in response to parasite 

recrudescence. 

          Considering that majority of PD-1hiCD8+ T cells during the late-chronic phase are 

not newly generated effectors, we wanted to address if control of infection during the early 

or later phases of infection would result in reduced CD8 exhaustion. To evaluate this, we 

treated mice with sulfamethoxazole and trimethoprim at various time-points pi as show in 

Figure 10A (161). Since reduced antigen burden in drug treated mice can result in increased 

naïve T cell numbers which can potentially confound interpretation of data, we analyzed 
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brain, a tissue known to recruit CD8+ T cells in a strictly antigen-specific manner (177). 

Only early initiation of drug treatment resulted in decreased PD-1 MFI on CD8+ T cells 

during the late-chronic phase (Fig. 10B). Moreover, CD8+ T cells from these mice 

exhibited higher proportion of IFNγ+GranzymeB- and IFNγ+GranzymeB+ CD8+ T cells 

(Fig. 10C). However, IFNγ-GranzymeB+ CD8+ T cells underwent a moderate decrease in 

these animals (Fig. 10C). This may be attributed to attenuated inflammation or antigen load 

in drug treated mice which can result in sub-optimal development or maintenance of 

granzyme B expressing short-lived effector subset (98, 178). Combined, this suggests that 

control of infection during the early phases of infection may be critical for minimizing 

induction of CD8 dysfunction during the chronic phase.  
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Figure 8. PD-1 is expressed at high levels on CD8+ T cells in both lymphoid and non-

lymphoid tissue during late-chronic Toxoplasmosis. (A) PD-1 expression on CD8+ T 

cells from tissues (spleen, brain and liver) was measured at week 3, 5, 7 and 10 pi. MFI 

denotes mean fluorescence intensity. (B,C) PDL-1 and PDL-2 expression was evaluated on 

mononuclear cells in these tissues. (D,E) Splenocytes from chronically infected mice were 

restimulated with TLA and frequency of IFN expressing CD8+ T cells in PD-1lo, PD-1int 

and PD-1hi subsets was evaluated. (F,G) Splenocytes from chronically infected animals 

were incubated at 37C for 5h and active caspase 3, Ki-67 and PD-1 was detected on CD8+ 

T cells by flow cytometry. Similar results were observed in the presence of TLA (data not 

shown). The data represent 3 experiments with at least 4 mice per group. 
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Figure 9. High PD-1 upregulation does not occur on newly generated CD8+ T cells. 

(A) Using a pulse-chase approach, BrdU was injected into infected mice starting at week 5 

pi. Treatment was performed on alternate days for 1 week and animals were sacrificed at 

week 5 and 7 pi. (B) Splenic CD8+ T cells were evaluated for BrdU incorporation by flow 

cytometry. (C) Frequency of PD-1hi cells was assessed on splenic BrdU+ and BrdU- CD8+ 

T cells. (D) PD-1 expression was also assessed in the above subsets. Fold difference was 

computed as (Difference in mean PD-1 MFI between the two time points)/(mean PD-1 

MFI at week 5). Data represent two experiments with at least 4 mice per group. 
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Figure 10. Early initiation of drug treatment reduces CD8+ T cell exhaustion. (A) 

Toxoplasma infected mice were treated with sulfamethoxazole and trimethoprim as shown 

in the figure. Brains from untreated and various drug treated animals were analyzed at day 

57 pi. (B) PD-1 expression was assessed on CD8+ T cells in brain by flow cytometry. (C) 

IFN and Granzyme B production by CD8+ T cells was evaluated in brain cells from 

infected mice in presence of TLA. Data represent two experiments with at least 4 mice per 

group. 
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4.2.3 Blockade of PD-1-PDL-1 pathway reinvigorates CD8+ T cell response  

         Next, we addressed if the dysfunctional CD8+ T cell response could be revived by 

blocking PD-1-PDL-1 pathway. To address this, animals were administered a non-

depleting anti-PDL-1 antibody starting at week 5 pi for a period of 2 weeks and thereafter 

CD8+ T cell response in spleen, liver and brain quantified (156). Although a significant 

increase in the absolute number of CD8+ T cells was noted in all the tissues examined, the 

most dramatic increase occurred in brain (Fig. 11A). To determine if this increase was due 

to enhanced proliferation, we measured Ki-67 expression in the CD8+ T cells. Unlike 

spleen and liver, we were unable to detect increased frequency of cycling CD8+ T cells in 

anti-PDL-1 treated groups in brain (Fig. 11B). Taken together, this suggests that one of the 

mechanisms for increased brain CD8+ T cells in anti-PDL-1 treated mice is not in situ 

proliferation but possibly increased recruitment of these cells to the tissue. 

         As IFN production (15) and cytotoxicity (179)  are known to be critical for control of 

toxoplasmosis, we examined if blockade with anti-PDL-1 augmented these functions 

within the CD8+ T cell population. Anti-PDL-1 treatment increased the frequency of 

IFN+Granzyme B+ and IFN-Granzyme B+ CD8+ T cells in spleen and brain as well as ex 

vivo cytotoxicity of splenic CD8+ T cells (Fig. 11C,D). We then measured, if anti-PDL-1 

treatment decreased the frequency of PD-1hi cells. Surprisingly, PD-1-PDL-1 blockade 

caused a further increase in the frequency of PD-1 expressing CD8+ T cells (Fig. 11E). 

Since we demonstrated that high PD-1 expression was associated with apoptosis, we 

determined if rescue of CD8+ T cell response by PD-1-PDL-1 blockade was due to reduced 

apoptosis. To address this under steady state conditions without confounding effects of 
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proliferation and graded PD-1 increase, we evaluated apoptotic CD8+ T cells in splenocytes 

from chronically infected mice incubated for 5h with anti-PDL-1 or control antibody (Fig. 

12A-C). Anti-PDL-1 treatment mediated reduction in apoptosis occurred primarily in PD-

1int subset and only moderate decrease in apoptosis was noted in PD-1hi subset (Fig. 12A-

C). To further address if anti-PDL-1 treatment was capable of rescuing pre-existing PD-1 

expressing CD8+ T cells in vivo, we adoptively transferred sorted PD-1+CD8+ T cells from 

chronically infected CD45.1 mice (week 5-6) to similarly infected CD45.2 mice and then 

treated recipients with anti-PDL-1 antibody (Fig. 13A). Anti-PDL-1 treatment increased the 

absolute number of donor cells in both spleen and brain (Fig. 13B-D). However, while the 

recipient CD8+ T cell population (comprising of both PD-1+ and PD-1-) expanded 6 fold at 

the effector site (vis-à-vis isotype treated) , the donor population underwent an over 20 fold 

expansion (Fig. 13B-D). This suggests that anti-PDL-1 treatment preferentially rescues pre-

existing PD-1 expressing cells. 
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Figure 11. Blockade of PD-1-PDL-1 pathway reinvigorates CD8+ T cell response in 

both lymphoid and non-lymphoid tissue in chronically infected mice. (A) Chronically 

infected mice were treated with anti PDL-1 for 2 weeks and then sacrificed at week 7 pi. 

Absolute number of CD8+ T cells was evaluated in spleen, liver and brain. (B) The 

frequency of proliferating CD8+ T cells was assessed by intracellular staining for Ki-67. 

(C) IFN and Granzyme B production by CD8+ T cells was evaluated in splenocytes or 

brain cells from infected mice in presence of TLA. (D) Antigen-specific cytotoxicity of 

splenic CD8+T cell was measured by 51Cr-release assay. (E) PD-1 expression on splenic 

CD8+ T cells from anti PDL-1 or isotype control antibody treated mice was evaluated by 

flow cytometry. The data represent 3 experiments with at least 4 mice per group. 
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Figure 12. Anti PDL-1 treatment reduces apoptosis of PD1intCD8+ T cells. (A,B) 

Splenocytes from chronically infected mice (week 7 pi) were incubated in vitro for 5h at 

37° C with isotype control or anti-PDL-1 antibody. This was followed by evaluation of PD-

1 expressing CD8+ T cell subsets for active caspase-3 expression. (C) depicts reduction in 

active caspase-3 expression in anti PDL-1 treated splenocytes in PD-1hi , PD-1int and PD-1lo 

CD8+ T cells. Data represent 3 experiments with at least 4 mice per group. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 66  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 67  

Figure 13.  Anti PDL-1 treatment preferentially rescues PD-1 expressing CD8+ T cells. 

(A) 5x105 PD-1 expressing splenic CD8+ T cells isolated from chronically infected (week 

5-6) CD45.1 mice were adoptively transferred to infected (week 5-6) CD45.2 mice. 

Recipients were then treated with isotype control or anti-PDL-1 antibody. 12 days post-

transfer recipients were sacrificed. Filled histogram represents staining with isotype-control 

antibody. (B,C) Frequency and absolute number of donor CD8+ T cells was assessed in 

spleen and brain of recipient mice. (D) Fold increase in donor or recipient population on 

anti-PDL-1 treatment in recipient mice was computed as (Absolute Number of donor or 

recipient CD8+ T cells in anti-PDL-1 treated mice – Arithmetic Mean of absolute number 

of donor or recipient CD8+ T cells in isotype control antibody treated mice)/(Arithmetic 

Mean of absolute number of donor or recipient CD8+ T cells in isotype control antibody 

treated mice). Data represent two experiments with at least 4 mice per group. 
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4.2.4 Blockade of PD-1-PDL-1 pathway controls Toxoplasma recrudescence  

         Finally, we wanted to address if this augmented CD8+ T cell response was able to 

control recrudescence by examining the gene expression of Toxoplasma parasites in brains 

of anti-PDL-1 or control antibody treated mice. Anti-PDL-1 treated mice revealed more of 

a bradyzoite-specific than tachyzoite-specific gene expression (Fig. 14A). Moreover, anti-

PDL-1 treated mice exhibited much lower frequency of Toxoplasma infected leukocytes in 

brain and blood than control group (Fig. 14B). As previously stated, since encysted 

parasites can persist for life in immuno-competent host brains without causing pathology, 

we examined parasite genomic DNA in blood (3). Detection of parasite DNA in blood by 

PCR has been used to diagnose cerebral toxoplasmosis in patents with AIDS (180). As 

shown in Fig. 14C, parasite genomic DNA was only detectable in control antibody treated 

and not in drug or anti-PDL-1 treated blood. Next, we monitored long-term survival of 

anti-PDL-1 treated mice. Surprisingly, while 100% of control mice died by day 91 pi, 90% 

of anti-PDL-1 treated mice survived till the termination (day 125 pi) of experiment (Fig. 

14D). Further, to demonstrate that increased survival of anti-PDL-1 treated mice was CD8 

dependent, the surviving mice were treated with anti-CD8 antibody. As shown in Fig. 14E, 

CD8 depletion abrogated the survival of anti-PDL-1 treated animals. Taken together, the 

above data suggests that anti-PDL-1 treatment augments sub-optimal CD8+ T cell response 

in chronically infected mice which prevents reactivation of infection leading to host 

survival.  
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Figure 14. Anti-PDL-1 treatment controls parasite reactivation and prevents 

mortality in chronically infected mice. (A) Relative expression of ENO-1 and ENO-2 

was computed for each sample. Transcript levels at day 10 pi was taken as 1. (B) T. gondii 

infected cells in brain and blood leukocyte gated samples (n=5) were assayed by flow 

cytometry. (C) Parasite genomic DNA level was computed in whole blood prior to 

initiation of treatment (week 5 pi) or 2 weeks after initiation of treatment (week 7 pi) (n=4-

5) (D) Anti-PDL-1 antibody was injected every third day, starting at week 5 pi (n=10). In 

order to minimize the development of an allogeneic response, the antibody was 

administered with 2 week interruptions till termination of experiment. (E) Surviving anti 

PDL-1 treated mice from the previous experiment were administered anti PDL-1 along 

with anti CD8 (n=4) or anti PDL-1 and control antibody (n=4) every third day till the 

conclusion of experiment. Survival was monitored on a daily basis. Data represent two 

experiments. 
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4.2.5 Anti PDL-1 treatment upregulates Eomes in CD8+ T cells from chronically 

infected mice 

         T-box factors, T-bet and Eomesodermin, play a critical role in development, survival 

and function of CD8+ T cells (136, 181).  As shown in Fig. 15A-B, anti-PDL-1 treatment 

dramatically augments expression of Eomes but not T-bet (unaffected vis-à-vis acutely 

infected mice) in cycling CD8+ T cells (Fig. 15A,B). Incidentally, the critical role of Eomes 

in mediating CD8+ T cell responsiveness to IL-15 (136), a cytokine crucial for survival of 

memory as well as effector CD8+ T cells, and granzyme B (138, 182, 183) expression in T 

cells has been recently elucidated. Significantly, our data shows that CD8+ T cell 

dysfunction affects granzyme B expression more than IFN production (Fig. 7B). The 

significance of Eomes expression in our current model will have to await further 

investigation.  
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Figure 15. PD-1-PDL-1 blockade increases Eomes but not T-bet expression on cycling 

CD8+ T cells. (A,B) T-bet and Eomes expression was evaluated in cycling and non-cycling 

splenic CD8+ T cells from isotype or anti-PDL-1 antibody treated chronically infected mice 

(week 7 pi) by flow cytometry. The data represents 2 experiments with at least 4 mice per 

group. 
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Chapter 5: PD-1 mediated attrition of polyfunctional memory CD8+ T cells in chronic 

Toxoplasma infection 

 

5.1 Introduction 

        In the previous chapter, we demonstrated that CD8+ T cells from chronically infected 

mice exhibit progressive functional exhaustion, concomitant with increased expression of 

PD-1, an inhibitory receptor  on their surface (184). This dysfunction results in reactivation 

of latent infection which eventually leads to death of the infected animals. In vivo blockade 

of PD-1 interaction with its receptor PDL-1, reinvigorated polyfunctional (i.e. the capacity 

for a single T cell to exhibit multiple functions) CD8+ T cell response and prevented their 

mortality. Incidentally, the observation that HIV infected non-progressors are superior at 

maintaining virus-specific polyfunctional CD8+ T cells than progressors (185), suggests 

that this polyfunctional population constitutes an important part of protective immune 

response against intracellular pathogens. However, how immune exhaustion causes attrition 

of polyfunctional CD8+ T cells during chronic infections has not been addressed in 

parasitic or even in viral models of persistent infection. Considering the prevalence of TE  

in Toxoplasma sero-positive AIDS patients (186), approaches that boost CD8 

polyfunctionality can have profound implications against both HIV  and T. gondii  

infection.  Despite wide Toxoplasma seropositivity in the global population, current 

initiatives for vaccine development against this parasite are prophylactic in nature (36). 

Since majority of the mortality caused by Toxoplasma is due to parasite reactivation in 

immuno-compromised patients (187), there is an urgent need for developing 

immunotherapeutic vaccination approaches to combat this infection 
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5.2 Results 

5.2.1 Majority of polyfunctional CD8+ T cells during chronic toxoplasmosis exhibit a 

memory phenotype 

        Toxoplasma infection induces a robust CD8+ T cell response, which has been reported 

to be critical for protection against host infection (129). However during the late-chronic 

phase, the parasite undergoes reactivation i.e. conversion from chronic stage associated 

bradyzoite (slowly replicating, primarily encysted, relatively quiescent) to acute stage 

associated tachyzoite (rapidly replicating) (3). This was  previously assessed by evaluating 

parasite stage specific markers, ENO1 (bradyzoite) and ENO2 (tachyzoite) (184). To 

further verify the kinetics of parasite reactivation we utilized two additional stage specific 

markers in the current study: Sag1, a marker of the tachyzoite stage and Bag1, a marker of 

the bradyzoite stage (3). Similar to ENO1 and ENO2, analysis of Bag1:Sag1 ratio of 

relative transcript level revealed a decrease at week 7, suggesting that parasites indeed 

undergo reactivation during the late-chronic stage (Fig 16A). Earlier studies from our 

laboratory have reported increased susceptibility of these animals around this time (184). 

Since IFNγ has been shown to be critical for control of Toxoplasma (15), we measured 

serum levels of IFNγ as well production of this cytokine by splenic CD8+ T cells. 

Concomitant with parasite reactivation, decreased serum IFNγ levels (Fig. 16B) and 

reduced IFNγ production by CD8+ T cells (Fig, 16C) was noted during the late-chronic 

phase. This is in agreement with our previously published data which shows a decrease in 

polyfunctional (IFNγ+GranzymeB+) CD8+ T cell response in spleen and brain at week 7 

post-infection (184). Since recent studies in viral models have established polyfunctionality 

as one of the most critical correlates of viral clearance or vaccine efficacy (188, 189), we 
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next investigated whether the polyfunctional CD8+ T cells during the chronic phase of 

infection belonged to the effector or memory subset. To address this we performed 5 color 

flow cytometry on restimulated splenocytes, utilizing well established 

naïve/effector/memory markers CD44 and CD127 (190) to discriminate various CD8 

subsets. Irrespective of the time-point examined, during the chronic phase, the majority of 

CD8+IFNγ+GranzymeB- and CD8+IFNγ+GranzymeB+ exhibited a memory phenotype 

(CD44hiCD127hi) while CD8+IFNγ-GrnazymeB+ T cells showed an effector subset 

phenotype (Fig. 16D). In contrast, the overwhelming majority of CD8+IFNγ-GranzymeB- T 

cells were CD44loCD127hi, akin to phenotype of naïve splenocytes (Fig. 16D).  
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Figure 16. Majority of polyfunctional CD8+ T cells during chronic toxoplasmosis 

exhibit a memory phenotype. A, C57BL/6 mice were infected with 10 ME49 cysts orally 

or RH intra-peritoneally. Ratio of relative expression Bag1 to Sag1 in brain was computed 

for each sample. Transcript levels at day 10 post-infection (ME49 infected) was taken as 1. 

B, Serum from mice at week 3, 5, 7 and 10 post-infection was evaluated for IFNγ by 

ELISA. C, Splenic CD8+ T cells at the above time points were assessed for IFNγ 

production by restimulation of splenocytes with TLA. D, IFNγ+Granzyme B-, 

IFNγ+Granzyme B+, IFNγ-Granzyme B+ and IFNγ-Granzyme B- splenic CD8+ T cell 

subsets form chronically infected (week 7) mice were evaluated for expression of CD44 

and CD127. Due to low number of IFNγ or Granzyme B expressing CD8+ T cells in naïve 

spleens , total CD8+ T cell population was assessed for CD44 and CD127 expression The 

data represent 2 experiments with at least 4 mice per group. Error bars represent standard 

deviation throughout. 
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5.2.2 Normal CD8+ T cell development during T. gondii infection 

               Since majority of polyfunctional (IFNγ+GranzymeB+) and IFNγ+GranzymeB- 

CD8+ T cells exhibit a memory phenotype and there is a loss of polyfunctional CD8+ T cell 

response during late-chronic Toxoplasmosis, we hypothesized a poor development or 

maintenance of memory CD8+ T cells during later phases of chronic Toxoplasmosis. To 

address this we evaluated the expression of KLRG1 and CD127 on CD8+ T cells. Previous 

studies have shown that effector cells express KLRG1 but minimal CD127 while memory 

CD8 T cells express high levels of CD127 but minimal KLRG1 (98). Since naïve non-

specific CD8+ T cells also express CD127, we examined the phenotype in brain, a site that 

specifically recruits CD8+ T cells in a strictly antigen-specific manner (177). Contrary  to 

our expectations based on the degree of attrition of polyfunctionality, we only noted 

moderate differences in frequency of CD127hi cells (Fig. 17A). Although dramatic changes 

in frequency of CD8+CD127hi T cells were not noted in brain, the absolute numbers of both 

effector and memory phenotype CD8+ T cells were reduced in this tissue during the later 

phases of infection (Fig. 17B).  
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Figure 17. Frequency of memory phenotype CD8+ T cells is not dramatically altered 

at the effector site. A, KLRG1 and CD127 expression on CD8+ T cells from spleen and 

brain was assessed at week 3, 5, 7 and 10 post-infection. B, depicts the absolute number of 

CD8+KLRG1-CD127hi (left panel) and CD8+KLRG1+CD127lo (right panel) T cells in brain 

at weeks 3, 5, 7 and 10 post-infection. The data represent 2 experiments with at least 4 mice 

per group. 
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5.2.3 Preferential expression of PD-1 on memory CD8+ T cells 

            In the previous chapter (Chapter 4) we demonstrated that PD-1hiCD8+ T cells were 

preferentially apoptotic as evaluated by elevated active caspase3 expression (184). Based 

on this report and the finding that the frequency of memory phenotype CD8+ T cells were 

only moderately affected at the effector site during late-chronic toxoplasmosis, we 

hypothesized that PD-1 was expressed both on memory and effector CD8+ T cells. Hence, 

we next assessed expression of the PD-1 molecule on effector or memory CD8+ T cells 

population during T. gondii infection.  Since a previous study using the acute-infection 

causing LCMV Armstrong strain had shown that CD43 (activation associated isoform)  

expression can be used to discriminate effector (CD43hi) from memory (CD43lo) CD8+ T 

cells, we examined the expression of this molecule on CD8+ T cells in spleen and brain 

(191). Polychromatic flow cytometry revealed that the majority of PD-1hi cells in both 

tissues co-expressed CD43 and that an increase in PD-1 expression correlated with an 

increase in CD43 expression (Fig. 18A). To further verify if PD-1hiCD43+, PD-1hiCD43-, 

PD-1int/loCD43hi and PD-1int/loCD43- CD8+ T cells indeed belonged to memory or effector 

subsets, we examined them for expression of canonical memory markers CD44 and IL-7Rα 

(CD127) (190) . Surprisingly, despite elevated CD43 expression, the majority of PD-

1hiCD43hi cells in both tissues co-expressed high levels of CD44 and CD127 (Fig. 18B, C). 

Notwithstanding the preponderance of memory phenotype cells in PD-1hiCD43hi subset, a 

direct correlation, akin to PD-1 and CD43 expression was not evident between PD-1 and 

CD127 expression (data not shown). In contrast, most cells in the other three subsets, 

irrespective of CD43 expression exhibited lower frequency of CD127hi cells (Fig. 18C)  
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These findings  suggest that PD-1hi memory CD8+ T cell population represents a phenotype 

distinct from memory CD8+ T cells generated in acute infection models (191). 
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Figure 18. PD-1 is preferentially upregulated on CD43 expressing memory phenotype 

CD8+ T cells. A, Splenic and brain CD8+ T cells were evaluated for PD-1 and CD43 

expression at week 5 and week 7 pi. B and C, PD-1hiCD43+, PD-1hiCD43-, PD-1int/loCD43+ 

and PD-1int/loCD43- CD8+ T cell subsets from spleen and brain of chronically infected mice 

(week 7) were further evaluated for CD44 and CD127 expression. Due to low number of 

PD-1hi or CD43 expressing CD8+ T cells in naïve spleens, total CD8+ T cell population was 

assessed for CD44 and CD127 expression. Data represent 3 experiments with at least 4 

mice per group. 
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5.2.4 Increased expression of PD-1 is associated with apoptosis of polyfunctional 

memory CD8+ T cells 

        As mentioned earlier, PD-1hiCD8+ T cells during chronic toxoplasmosis express high 

levels of active caspase3 (184). Since a previous study demonstrated that despite elevated 

active caspase3 expression anergic T cells do not undergo apoptosis (192), we wanted to 

revalidate our earlier  findings by assessing the distribution of membrane phosphatidly-

serine using fluorochome-conjugated AnnexinV which is considered a hallmark of 

apoptosis (193). As shown in Fig 19A, PD-1 expressing CD8+ T cells were primarily 

AnnexinV+. This suggests that active caspase3 expression in PD-1hiCD8+T cells indeed 

correlates with their apoptotic potential. As demonstrated earlier, PD-1 is preferentially 

expressed on memory phenotype CD8+ T cells and polyfunctional CD8+ T cells primarily 

exhibited a memory phenotype. Thus, we hypothesized PD-1-PDL-1 pathway causes 

preferential apoptosis of PD-1 expressing polyfunctional memory CD8+ T cells. To address 

this we measured active caspase3 expression on the relevant subsets in restimulated 

splenocytes. As expected naïve phenotype (CD8+CD44lo) T cells exhibited minimal IFNγ 

and GranzymeB production and low levels of PD-1 and active caspase3 expression (Fig. 

19B).  Next we analyzed, polyfunctional populations in the effector CD8+ T cell subset 

(CD8+CD44int/hiCD127lo) for apoptotic potential (Fig. 19C). No dramatic difference in 

frequency of PD-1+active caspase3+ expressing cells was noted between 

CD8+CD44int/hiCD127loIFNγ+GranzymeB-, CD8+CD44int/hiCD127loIFNγ+GranzymeB+ and 

CD8+CD44int/hiCD127loIFNγ-GranzymeB+ subsets. However, PD-1- polyfunctional effector 

CD8+ T cells were more apoptotic than the other subsets. This potentially suggests that PD-

1 independent apoptotic mechanisms may be involved in mediating preferential  attrition of 
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polyfunctional effector CD8 T cells. Finally, we examined the memory subset by gating on 

CD8+CD44int/hiCD127hi cells (Fig. 19D). In agreement with our previous observations with 

direct ex vivo staining, memory phenotype CD8+ T cells had substantially higher frequency 

of PD-1 expressing CD8 T cells than naïve or effector phenotype CD8+ T cells. In 

concurrence with our hypothesis, the highest levels of PD1+ActiveCaspase+ memory CD8+ 

T cells was noted in polyfunctional memory population, followed by 

CD8+CD44int/hiCD127hiIFNγ-GranzymeB+, CD8+CD44int/hiCD127hiIFNγ+GranzymeB- and 

CD8+CD44int/hiCD127hiIFNγ-GranzymeB- subsets. Combined, our data strongly suggests a 

strong correlation between PD-1 expression and apoptosis of polyfunctional memory CD8+ 

T cells. 
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Figure 19. PD-1 expression correlates with apoptosis of polyfunctional memory 

phenotype CD8+ T cells. A, Splenic CD8+ T cells from chronically infected (week 7) mice 

were evaluated for PD-1 expression and AnnexinV reactivity. B, C and D, PD-1 and active 

caspase3 expression was assessed in IFNγ+GranzymeB-, IFNγ-GranzymeB-, 

IFNγ+GranzymeB+ and IFNγ-GranzymeB+ naïve/effector/memory phenotype CD8+ T cells 

by 7 color flow cytometry. The data represent 2 experiments with at least 4 mice per group. 
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5.2.5 PD-1-PDL-1 blockade reduces apoptosis of polyfunctional and IFNγ+CD8+ T 

cells 

         To directly link the role of increased PD-1 expression on polyfunctional memory 

CD8+ T cells with their apoptosis, we performed in vitro treatment of splenocytes with 

isotype control or anti PDL-1 antibody (MIH5, blocking but non-depleting) (156). The 

rationale for performing in vitro studies is that apoptotic cells get rapidly eliminated in vivo 

and thus an accurate assessment of apoptosis cannot be made. In vitro incubation of 

splenocytes  for 16 hr with anti PDL-1 (and TLA) did not alter CD8+ T cell functionality 

irrespective of the subset examined (data not shown).  It is possible that with longer multi-

day incubation we may observe an increase in polyfunctionality in anti-PDL-1 treated cells, 

akin to the in vivo scenario (194) . However with longer incubations, CD8+ T cells in anti 

PDL-1 treated groups may undergo rapid expansion and as a result, it will not be possible 

to discriminate the differential effects of apoptosis and expansion on the various CD8 

subsets (194). To additionally verify that 16 hr incubation with anti PDL-1 did not cause 

proliferation of CD8+ T cells, Ki-67 expression was assessed. However, no change in Ki-67 

levels was noted between isotype and anti PDL-1 treated CD8+ T cells (data not shown). 

As expected, anti PDL-1 treatment had no effect on apoptosis of naïve phenotype CD8+ T 

cells (Fig. 20A). Surprisingly, blockade of PD-1-PDL-1 pathway failed to reduce apoptosis 

of effector CD8+ T cells, irrespective of IFNγ or GranzymeB production (Fig. 20B).  

Similar to its effect on naïve and effector phenotype CD8+ T cells, anti PDL-1 treatment 

did not affect the apoptosis of memory phenotype CD8+CD44int/hiCD127hiIFNγ-

GranzymeB- cells or CD8+CD44int/hiCD127hiIFNγ-GranzymeB+ cells (Fig. 20C). However, 

anti PDL-1 treatment was equally efficacious in reducing the apoptosis of both the 
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polyfunctional and CD8+CD44int/hiCD127hiIFNγ+GranzymeB- memory phenotype cells 

(Fig. 20C,D). Considering that IFNγ is considered to be critical in mediating protection 

against Toxoplasma as well other pathogens (195, 196), the mechanistic insight offered by 

the current study can have important ramifications in incorporating anti PDL-1 antibody in 

immunotherapeutic applications. 
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Figure 20. In vitro anti-PDL-1 treatment prevents apoptosis of polyfunctional memory 

phenotype CD8+ T cells. Splenocytes from chronically infected (week 7) mice were 

treated with anti-PDL-1 and stimulated overnight with TLA. A, depicts active caspase3 

expression in isotype and anti-PDL-1 treated naïve phenotype CD8+ T cells. B, represents 

active caspase3 expression in IFNγ+GranzymeB-, IFNγ-GranzymeB-, IFNγ+GranzymeB+ 

and IFNγ-GranzymeB+ effector phenotype CD8+ T cells treated with anti-PDL-1 or control 

antibody. C, IFNγ or GranzymeB producing memory phenotype CD8+ T cells in isotype or 

anti-PDL-1 treated splenocytes were evaluated for active-caspase3 expression by 

polychromatic flow cytometry. D, depicts anti-PDL-1 mediated reduction in active 

caspase3 in various memory CD8 subsets. The data represent two experiments with at least 

4 mice per group. 
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Chapter 6: CD40-CD40L pathway plays a critical CD8 intrinsic and extrinsic role 

during rescue of exhausted CD8 T cells  

 

6.1 Introduction 

        CD8 exhaustion as reported in chronic viral and tumor models involves a hierarchical 

loss of functions (cytokine, proliferation, cytotoxicity) and in extreme cases CD8 T cells 

can be physically deleted in a PD-1 dependent manner (197). As shown in Chapter 4, CD8 

T cells from chronically infected mice exhibit progressive functional exhaustion, 

concomitant with increased PD-1 expression, in the Toxoplasma model (184). This 

dysfunction results in reactivation of latent toxoplasmosis leading to host mortality. In vivo 

blockade of PD-1 interaction with its receptor PD-L1, preferentially reinvigorates pre-

existing PD-1 expressing CD8 T cells, thereby preventing disease recrudescence and host 

mortality (184). Apart from TCR signal and cytokine milieu, one of the most important 

factors governing CD8 response is the balance between positive signals from co-

stimulatory receptors and the negative signals from inhibitory receptors (143). It has been 

postulated that the interplay between signals from co-stimulatory and inhibitory receptors 

may play an important role in T cell activation, differentiation, effector function and 

exhaustion (154). However, the role of co-stimulatory receptors during the rescue of this 

response has not been explored in any model of CD8 exhaustion. Therefore we 

hypothesized that blockade of inhibitory PD-1-PD-L1 pathway in chronically infected mice 

would lead to upregulation of co-stimulatory receptors and such positive signals would be 

critical for the rescue of dysfunctional CD8 T cells. We identified CD40 as one of the 

molecules highly upregulated on CD8 T cells in αPD-L1 treated chronically infected mice. 
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A previous report using HY-TCR transgenic model demonstrated that CD8 intrinsic CD40 

signaling is critical for memory generation (198). However, this notion has been challenged 

by multiple studies in infectious disease models where CD40 deficient memory CD8 T 

cells has been shown to elicit a normal immune response in a CD40 sufficient environment 

(199). Similarly in the Toxoplasma model, CD40-CD40L pathway has been shown to play 

a minimal role in T cell response development (52). This discrepancy in CD40 dependence 

has been attributed to the nature of antigen and the highly inflammatory conditions 

associated with infectious disease (199). However, the role of CD40-CD40L pathway 

during rescue of exhausted CD8 T cells has not been addressed in any model. 

6.2 Results  

6.2.1 αPD-L1 treatment upregulates CD40 but not CD40L on CD8 T cells 

            To identify co-stimulatory molecules involved in the rescue of exhausted CD8 T 

cells, we examined a panel of these receptors on CD8 T cells in chronically infected mice 

treated with αPD-L1 or control antibody (data not shown). CD40 was identified as one of 

the co-stimulatory molecules showing high levels of differential expression. Minimal 

CD40 levels were noted on splenic CD8 T cells from control mice while high expression of 

this molecule occurred on CD8 T cells from αPD-L1 treated animals (Fig. 21A). 

Furthermore CD40 was preferentially expressed on PD-1+ subset (Fig. 21B) in αPD-L1 

treated mice. Despite high CD40 expression on CD8 T cells from αPD-L1 treated mice, no 

differential expression of its receptor, CD40L was noted between CD8 T cells from control 

and antibody treated animals (Fig. 21C). Combined, the above data points towards potential 

involvement of CD40-CD40L pathway during rescue of exhausted CD8 T cells.  
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Figure 21. High expression of CD40 on CD8 T cells in αPD-L1 treated mice. A, 

Chronically infected mice were treated with αPD-L1 for 2 weeks and then sacrificed at 

week 7 pi. CD40 expression was analyzed on splenic CD8 T cells. Dotted line represents 

background fluorescence throughout. B, represents PD-1 expression on CD40+ and CD40- 

splenic CD8 T cells in αPD-L1 treated mice. C, Splenic CD8 T cells from control and αPD-

L1 treated mice were evaluated for CD40L expression. The data represent 3 experiments 

with at least 4 mice per group.  
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6.2.2 CD40-CD40L signaling plays a critical role during rescue of exhausted CD8 T 

cells 

         Since CD40 is differentially expressed on reinvigorated CD8 T cells, we next 

investigated if CD40-CD40L signaling played any role during the rescue process. To 

address this, chronically infected mice were administered control antibody or αPD-L1 or 

αCD40L or both (αPD-L1 and αCD40L) for 2 weeks (weeks 5-7) and then analyzed at 

week 7 pi. Blockade of CD40-CD40L pathway alone had no profound effect on T cells-

absolute number, CD40 expression, proliferation and functionality of CD8 T cells remained 

unaltered in both spleen and brain (Fig. 22 A,B,C and D) (52). While αPD-L1 treatment by 

itself was able to augment the above parameters (absolute number, CD40 expression, 

proliferation and effector functions), surprisingly, co-administration of αCD40L and αPD-

L1 abrogated the rescue effect (Fig. 22A,B,C and D) (184). This suggests that the CD40-

CD40L pathway plays a critical role during rescue of dysfunctional CD8 T cells. T-box 

family transcription factors, T-bet and Eomes, have been shown to be important for 

proliferation, effector functions and survival of CD8 T cells (136). To further investigate 

the role of CD40 signaling on CD8 transcriptional control, purified splenic CD8 T cells 

from the above mice were treated in vitro with agonistic CD40 or control antibody. The 

expression of the above transcription factors was then evaluated by intracellular staining. In 

vivo co-administration of αPD-L1 and αCD40L abrogated the increase in T-bet and Eomes 

expression and in vitro treatment with agonistic CD40 failed to augment these molecules 

(Fig. 22E). Surprisingly, agonistic CD40 treatment of CD8 T cells from αPD-L1 treated 

mice resulted in further increase in T-bet but not in Eomes (Fig. 22E). This suggests that 
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while Eomes expression in CD8 T cells is independent of CD8 intrinsic CD40 signaling, T-

bet expression is at least partially dependent on CD40 signaling directly on CD8 T cells.  
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Figure 22. Blockade of CD40-CD40L pathway abrogates αPD-L1 mediated rescue of 

CD8 T cells. A, αPD-L1 or αCD40L or both were administered to chronically infected 

mice for 2 weeks and then sacrificed at week 7 pi. Absolute number of CD8 T cells was 

evaluated in spleen and brain. CD40 (B) and Ki-67 (C) expression was assessed in these 

mice by flow cytometry. D, IFN and Gzb production by CD8 T cells was evaluated in 

splenocytes or brain cells from infected mice in presence of TLA. E, Splenic CD8 T cells 

purified from in vivo antibody treated animals were evaluated for T-bet (top panel) and 

Eomes (bottom panel) after 6h in vitro stimulation with agonistic CD40 or control 

antibody. The data represent 2 experiments with at least 4 mice per group. Error bars 

represent standard deviation throughout.  
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6.2.3 CD8 intrinsic CD40 signaling is important for optimal rescue of exhausted CD8  

T cells 

         The above data suggest that CD40 signaling directly on CD8 T cells is capable of 

modulating T-bet expression. However, it does not address if T cell intrinsic CD40-CD40L 

interaction in vivo can elicit a similar effect. Moreover, it does not rule out the possibility of 

CD40 expression on other cell types via changes in micro-environment such as cytokines 

or antigen burden, affecting CD8 T cells. To address the CD8 intrinsic role of CD40 during 

rescue of exhausted CD8 T cells in vivo, we generated bone marrow (BM) chimeras by 

injecting similar number of bone marrow cells from CD90.1 (WT) and CD90.2+/+CD40-/- 

(KO) into lethally irradiated CD45.1 WT recipients (Fig. 23A). After reconstitution, the 

mixed bone BM chimeras were infected with T. gondii, treated with αPD-L1 for 2 weeks 

(weeks 5-7) and then analyzed at week 7 pi (Fig. 23A). In control antibody treated animals, 

WT and KO CD8 T cells were present in ~ 1:1 ratio and no difference in PD-1 expression 

was noted (Fig. 23B,C and D). However, after anti PD-L1 treatment this ratio was altered 

to 2:1 in both spleen and brain, suggesting that CD40 plays a CD8 intrinsic role in 

mediating their expansion during the rescue process (Fig. 3B,C). To further investigate if 

differential expansion of WT CD8 T cells in αPD-L1 treated chimeras was due to increased 

proliferation of these cells, we performed intracellular staining for Ki-67. As shown in Fig. 

23E and F, irrespective of CD40 expression αPD-L1 treated chimeras showed greater CD8 

T cell proliferation than controls. However, while CD40 deficiency minimally affected 

proliferation of CD8 T cells in control chimeras, it had a more pronounced effect in αPD-

L1 treated chimeras. Next, we measured apoptosis, by examining active caspase3 

expression. Regardless of CD40 deficiency, αPD-L1 treatment reduced CD8 apoptosis 
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(Fig. 23G,H). Nevertheless, WT CD8 T cells were moderately more apoptotic than KO 

cells in both control and treated chimeras (Fig. 3G,H). Combined, this suggests that 

proliferation is the major mechanism responsible for preponderance of WT CD8 T cells in 

αPD-L1 treated chimeras. Next we examined if CD40 played a CD8 intrinsic role on 

effector functions of reinvigorated CD8 T cells. Irrespective of αPD-L1 treatment or CD40 

deficiency, minimal IL-2 production was noted in CD8 T cells (data not shown). WT or 

KO CD8 T cells produced similar levels of IFNγ, Gzb and TNFα in control chimeras in 

both spleen and brain (Fig. 23I). While αPD-L1 treatment augmented these molecules in 

both WT and KO CD8 T cells, the latter exhibited far lower levels of Gzb and especially 

IFNγ and TNFα (Fig. 23I). Moreover, the percentage of both bifunctional and trifunctional 

CD8 T cells was highly depressed in KO CD8 T cells in treated animals (Fig. 23J). Finally 

we examined the transcriptional profile of CD8 T cells. Irrespective of CD40 deficiency 

similar levels of Eomes were noted in CD8 T cells in αPD-L1 treated chimeras (Fig. 

24A,B). In contrast, αPD-L1 treatment augmented T-bet preferentially in WT CD8 T cells 

(Fig. 24C,D). Considering that Eomes has a critical role in mediating cytotoxicity, this may 

explain why KO CD8 T cells in αPD-L1 treated chimeras have unaffected single Gzb+ 

CD8 T cells but yet have attenuated IFNγ and TNFα production (136). Together, the data 

suggest that during rescue of exhausted CD8 T cells, CD40 plays a CD8 intrinsic role in 

mediating proliferation and effector functions of CD8 T cells. However unlike αCD40L 

treatment, CD40 deficiency on CD8 T cells in a CD40 sufficient environment does not 

entirely abrogate the ameliorative effects of αPD-L1, suggesting that that CD40 has an 

important CD8 extrinsic role as well.  
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Figure 23. CD40 plays a CD8 intrinsic role during rescue of exhausted CD8 T cells. A, 

Chronically infected mixed BM chimeras were treated with αPD-L1 for 2 weeks and 

analyzed at week 7 pi. B and C, Relative abundance of WT (CD90.1) and KO (CD90.2) 

CD8 T cells evaluated in spleen and brain by flow cytometry is presented as representative 

flow plots (B) or bar graphs (C). D, represents frequency of WT and KO splenic CD8 T 

cells in control chimeras expressing PD-1. E and F, The percentage of proliferating 

congenic splenic CD8 T cells was assessed by intracellular staining for Ki-67. Flow plots in 

red denote KO CD8 T cells throughout. Data is presented as histograms (E) or bar graphs 

(F). G and H, Histograms (G) and bar graphs (H) depict active caspase expressing CD8 T 

cells, evaluated after incubating splenocytes from chimeras at 37C for 5h. I, IFN, Gzb 

and TNFα production by congenic CD8 T cells were evaluated in splenocytes or brain cells 

from infected mice in presence of TLA. J, represents the percentage of bifunctional (top 

panel) and trifunctional (bottom panel) CD8 T cells in spleen and brain. Results are 

representative of 2 experiments with at least 3 mice per group. 
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Figure 24. CD40 plays a CD8 intrinsic role in mediating optimal upregulation of T-

bet but not Eomes during rescue of exhausted CD8 T cells. Eomes (A,B) and T-bet 

(C,D) expression evaluated by direct ex vivo intracellular staining of congenic splenic CD8 

T cells from mixed marrow chimeras is presented as histograms (A,C) or bar graphs (B,D). 

The data represent 2 experiments with at least 3 mice per group. 
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6.2.4 CD40 plays an important role in mediating IL-21 and IL-21R expression. 

          A previous study has demonstrated that CD40 stimulation upregulates IL-21R 

expression on chronic lymphocytic leukemia B cells (200). Considering that IL-21-IL-21R 

pathway has been shown to be important for alleviating CD8 exhaustion in chronic viral 

models, we hypothesized that increased CD40 expression on CD8 T cells in αPD-L1 

treated mice would result in upregulation of IL-21R on CD8 T cells (89). In agreement 

with our hypothesis, CD40 expressing splenic and brain CD8 T cells in αPD-L1 treated 

WT animals, expressed higher IL-21R levels than CD40- population (Fig. 25A). To further 

examine, if augmented IL-21R expression was due to CD8 intrinsic CD40 signaling, 

splenic CD8 T cells were evaluated in antibody treated mixed BM (WT:KO) chimeras. As 

expected, αPD-L1 treatment substantially increased IL-21R levels only on WT CD8 T cells 

in the chimera (Fig. 25B,C). Irrespective of αPD-L1 treatment, minimal IL-21R expression 

was noted in KO CD8 T cells in both groups of chimera (Fig. 25B,C). Similar trends were 

also noted for CD4 T cells (Fig. 25D,E). This suggests that CD40 plays a strictly T cell 

intrinsic role in mediating IL-21R expression. Since IL-21 can also act in an autocrine 

fashion, we postulated that reduced IL-21R expression would lead to lower IL-21 

production (201). As shown in Fig. 25F and G, WT CD4 T cells from αPD-L1 treated 

chimeras produced substantially more IL-21 than control chimeras. However, KO CD4 T 

cells irrespective of αPD-L1 treatment produced minimal IL-21. Examination T follicular 

helper (Tfh) cells (as defined by the following markers: CXCR5, PD-1 and Bcl-6), which 

are considered to be the major producers of IL-21, revealed similar trends (Fig. 26A-C) 

(202). Combined, this suggests that CD40 signaling plays a critical T cell intrinsic role in 

mediating IL-21-IL-21R signaling.   



 

 110  

Figure 25. CD40 plays a strictly T cell intrinsic role in mediating IL-21 and IL-21R 

expression on T cells. A, IL-21R expression was measured in CD40+ and CD40- splenic 

and brain CD8 T cells from αPD-L1 treated C57BL/6 mice. Congenic splenic CD8 (B and 

C) and CD4 (D and E) T cells in control and αPD-L1 treated BM chimeras were assessed 

for IL-21R expression. Data is presented as histograms (B and D) or bar graphs (C and E). 

F and G, Flow plots (F) and bar graphs (G) depict the percentage of IL-21 producing 

splenic CD4 T cells in these chimeras. The data represent 2 experiments with 3 mice per 

group. 
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Figure 26. CD4 intrinsic CD40 signaling is critical for upregulation of T follicular 

helper cell markers during rescue of exhausted CD8 T cells. Tfh markers CXCR5 and 

PD-1 (A,B) and Bcl-6 (C) were evaluated in congenic splenic CD4 T cells from BM 

chimeras by flow cytometry. Data are presented as flow plots (A,C) or bar graphs (B). 

Results are representative of 2 experiments with 3 mice per group. 
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                                            Chapter 7: DISCUSSION        

 

        CD8+ T cell exhaustion has been reported in several chronic viral infections like 

LCMV, HBV, HCV, HIV and SIV which are characterized by high levels of persisting 

viremia (203). This exhaustion is manifested by gradual loss of CD8+ T cell effector 

functions (cytokine production, cytotoxicity, proliferation and recall responses) and in 

extreme situations CD8+ T cells can be physically deleted (204). In contrast, in infection 

models like MCMV characterized by low levels of persistent viremia, antigen-specific T 

cells remain functional and respond vigorously to viral challenge (203, 205). In models of 

reactivation like HSV that induce latent infection punctuated by periods of reactivation, 

functional long lived CD8+ T cell response is generated (206). Based on these findings, it 

has been suggested that CD8+ T cell exhaustion occurs only in presence of uncontrolled 

persistent viremia (105, 203, 207, 208). The data presented here documents that CD8+ T 

cell dysfunction is not restricted to viral infections alone but can be extended to 

intracellular protozoan parasite like T. gondii. Although CD8+ T cell dysfunction observed 

in the current study is similar in certain facets to certain viral pathogens, in its dependence 

on PD-1- PDL-1 interaction, it discounts the conventional paradigm that CD8+ T cell 

exhaustion occurs only in infectious disease models with uncontrolled persistent pathogen 

load. Moreover, notwithstanding the fact that the role of PD-1-PDL-1 pathway has been 

addressed in chronic viral models of CD8+ T cell exhaustion, its significance in bacterial or 

parasitic models of CD8+ T cell dysfunction has not been extensively investigated.  

       Our studies demonstrate that despite a potent development of CD8+ T cell immunity 

during the early stages of chronic infection, the endogenous CD8+ T cell response is unable 
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to control parasite reactivation at the later time points. This is in agreement with a previous 

study by Gazzinelli et al which demonstrated that parasite reactivation in B6 mice during 

late-chronic phases is associated with increased expression of tachyzoite specific genes in 

brain (5). Additionally, there is increase in parasite levels in the periphery. A recent study 

has demonstrated the CD11b+ leukocytes can act as shuttles for parasite migration during 

the acute infection phase (172). Hence it would be interesting to investigate in future 

studies whether during parasite reactivation, CD11b+ leukocytes which are preferentially 

parasitized during the late-chronic phase potentially serve a similar function and its role in 

mediating disease pathogenesis. Cumulatively, our results show that long-term exposure to 

a persistent pathogen despite initial control of parasitemia can lead to CD8+ T cell 

dysfunction and parasite reactivation. This CD8 exhaustion with concomitant PD-1 

upregulation is characterized by reduced effector cell number, decreased polyfunctionality, 

increased apoptosis and poor recall response and expansion. Preliminary studies using drug 

treatment suggest that control of infection during the early but not later phases is critical for 

minimizing PD-1 upregulation and CD8 dysfunction. This suggests that high antigen 

burden or inflammation (including anti-inflammatory cytokines) or both that occurs during 

acute phase of infection may be primarily responsible for defective development of a long-

lived robust CD8 response during the chronic phase (203, 209). Based on a recent study by 

Chang et al demonstrating that T cell fate imprinting can occur as early as the first cell 

division, it is hardly surprising that T cell microenvironment (cytokine, antigen burden etc.) 

during the early phase of Toxoplasma infection can have such a profound effect during the 

later phases (178). Our findings are further supported by a study in LCMV model where 

antigen burden has been shown to be the key determinant for development of CD8 
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dysfunction (203). However any control of infection or antigen burden can potentially 

affect inflammation. Hence in future studies it will be critical to discriminate the 

differential role of inflammatory milieu and antigen burden in mediating CD8 dysfunction. 

Recent reports have identified role of IL-10 in mediating dysfunctional CD8+ T cell 

response during LCMV infection (210). However, anti-IL10R treatment of mice carrying 

chronic Toxoplasma infection led to their increased mortality due to strong inflammatory 

response (92). This suggests that any strategy for preventing Toxoplasma reactivation must 

involve an appropriate balance between enhanced pro-inflammatory mediators without 

excessive suppression of anti-inflammatory factors. Interestingly, anti-PDL-1 treatment not 

only augmented the CD8+ T cell response but also prevented mortality in chronically 

infected mice by controlling parasite reactivation.  

      How blockade of PD-1-PDL-1 pathway modulates CD8+ T cell response at the 

molecular level is poorly understood in infectious disease models. Recent studies have 

shown that differential TCR signal strength can affect not only memory CD8 programming 

but also development of a potent polyfunctional CD8 response (145, 211). Considering that 

PD-1 ligation has been shown to inhibit TCR signaling via downregulation of ZAP-70 and 

PKCθ in vitro, it is possible that anti-PDL-1 treatment restores robust CD8 response during 

chronic Toxoplasma infection via increased TCR sensitivity (212). Although the 

mechanistic basis of CD8 dysfunction and PD-1 up-regulation need to be investigated more 

thoroughly in future studies, the data presented in this study provide significant insights 

into the role of PD-1-PDL-1 pathway in mediating CD8+ T cell dysfunction and 

concomitant parasite reactivation. These results are especially significant in view of a 

minimal role played by CTLA-4, a related inhibitory molecule in regulating T cell response 
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during TE (49). Our findings have important implications in the use of PD-1-PDL-1 

blockade in combination with drug regimen for controlling TE in immuno-compromised 

patients as well as use of similar therapy in other dysfunction induced reactivation type 

diseases. 

      Recent studies, primarily in viral models have established T cell polyfunctionality as a 

critical predictor of efficacious antiviral immune response and vaccine potency (213, 214). 

However, role of polyfunctional CD8+ T cells in parasitic or bacterial infection models has 

not been thoroughly investigated. Unlike chronic viral models, in Mycobacterial infection, 

disease progression is not associated with contraction of polyfunctional T cells (215). This 

makes a pathogen specific study of polyfunctionality and host morbidity and mortality 

critical for determining whether gain or loss of polyfunctionality is linked to pathogen 

clearance. In contrast, in Toxoplasma model loss of polyfunctional CD8+ T cells is strongly 

associated with PD-1 mediated CD8+ T cell exhaustion and recrudescence of disease.  

Moreover anti PDL-1 treatment not only upregulated polyfunctional CD8+ T cell response 

but also prevented parasite reactivation. Combined, this creates a strong basis for 

investigating how PD-1 mediates preferential attrition of polyfunctional CD8+ T cells 

during chronic Toxoplasmosis. 

          We demonstrate for the first time that during chronic toxoplasmosis majority of the 

polyfunctional CD8+ T cells exhibit a memory phenotype. Although PD-1 expressing 

memory phenotype polyfunctional CD8+ T cells were preferentially apoptotic, 

paradoxically, the proportion of memory CD8+ T cells at the effector site (brain) was not 

dramatically altered. Incidentally, in chronic infection models there is a continuous 

recruitment of naïve T cells which contributes to the pathogen specific T cell response 



 

 118  

(216). Based on our observation in T. gondii model that frequency of memory CD8+ T cell 

is not dramatically affected yet they are preferentially apoptotic, it is tempting to speculate 

that naïve T cells recruited during the chronic phase preferentially differentiate to memory 

precursor effector cells. This hypothesis is further supported by the observation that 

inflammatory cytokines are reduced during chronic Toxoplasmosis. Incidentally reduced 

inflammation, as shown by Kaech lab (217), results in preferential differentiation to 

memory precursor effector CD8+ T cells. Hence in future studies it will be important to 

address this issue using adoptive T cells transfer approaches and partial bone-marrow 

chimeras.         

       However, the above hypothesis does not explain why the absolute numbers of both 

effector and memory CD8+ T cells are drastically reduced during chronic Toxoplasmosis. 

One explanation of this could be reduced thymic output during chronic toxoplasmosis. 

While thymic atrophy has been reported in the Toxoplasma model, its role on CD8+ T cell 

response development and disease pathogensis has not be extensively studied (218). Apart 

from thymic atrophy, decreased effector or memory T cell number could be a consequence 

of attenuated naïve T cell priming.  Since, PDL-1, the receptor of PD-1 is also highly 

expressed during late-chronic Toxoplasmosis (184), another explanation is PDL-1 

expression on antigen presenting cells (APC) downregulating their priming ability 

(costimulation, cytokines). Apart from aforementioned effects on recent thymic emigrants, 

the possibility of anti-apoptotic cytokines like IL-15 (primarily produced by APC) (219) 

directly affecting base-line survival of pre-existing memory and effector cells independent 

of CD8 intrinsic PD-1 expression need to be considered in future studies  
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         One of the hallmarks of robust CD8+ T cell immunity is the capacity to mount a 

potent recall response (50). As demonstrated in this work, CD8+ T cells during the later 

stages of chronic infection are deficient in this regard (184). Interestingly, CD43hi memory 

CD8+ T cells which constitute the dominant memory phenotype CD8+ T cell population 

during late-chronic Toxoplasmosis, has been shown to elicit poor recall response in Sendai 

virus model (220). Incidentally CD43 has been reported to decrease expression of Bcl-2, an 

anti-apoptotic molecule, on CD8+ T cells during LCMV infection (221). During chronic 

toxoplasmosis, since majority of PD-1 expressing memory phenotype CD8+ T cells co-

express high levels of CD43, the contribution of this molecule towards apoptosis of 

exhausted CD8+ T cells needs to be addressed in future investigations. 

           Since PD-1 was preferentially expressed on memory phenotype CD8+ T cells during 

chronic Toxoplasmosis, we next investigated if PD-1 expressing cells in this subset were 

polyfunctional or monofunctional. While PD-1 expression on memory CD8+ T cells did not 

have a one to one correlation with levels of IFNγ and GranzymeB expression, these cells 

(PD-1 expressing memory CD8+ T cells) were indeed more apoptotic.  Although high 

levels of apoptosis were also noted for polyfunctional effector CD8+ T cells, this subset 

exhibited minimal PD-1 expression. This suggests that apart from PD-1, other PD-1 

independent apoptosis inducing mechanisms are at play here. Considering that exhaustion 

in viral models has been associated with upregulation of multiple inhibitory receptors, the 

role of molecules such Tim-3, 2B4, CTLA-4, Lag3, CD160 and others need to be 

investigated for their role in inducing apoptosis of polyfunctional CD8+ T cells (61). 

Although CD8+CD44int/hiCD127hiIFNγ+GranzymeB- memory phenotype cells exhibited 

comparatively lower proportions of PD-1+ActiveCaspase3+ cells, in vitro anti PDL-1 
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treatment resulted in decrease of apoptosis in this subset similar to polyfunctional memory 

CD8+T cells. Paradoxically, despite considerable expression of both PD-1 and active 

caspase-3, CD8+CD44int/hiCD127hiIFNγ-GranzymeB+ subset remained refractory to the 

anti-apoptotic effects of in vitro anti PDL-1 treatment. As mentioned earlier, this may be 

due to co-expression of other inhibitory receptors which may dampen the ameliorative 

effects of anti-PDL-1. Alternatively, this subset may require prolonged anti-PDL-1 

treatment for reducing its apoptotic potential. These possibilities may not be mutually 

exclusive.  

     Reinvigoration of CD8+ T cell response via anti PDL-1 administration has profound 

significance for treatment of tumors and chronic infections such as HBV, HCV, HIV (197, 

222, 223) . Development of a robust polyfunctional T cell response is considered of one the 

hallmarks of potent anti-pathogen immunity. However few reports have addressed the 

mechanistic basis for the development of polyfunctional response. A recent study has 

demonstrated that strong antigen stimulation results in development of polyfunctional T 

cells response (224). Yet, in chronic infections where not only high antigen burden is 

present but also elevated levels of CD8+ T cell expressed PD-1, polyfunctionality is lost. 

However how PD-1-PDL-1 pathway causes attrition of this polyfunctional response in 

chronic infections has not been investigated before. The current study strongly suggests 

that not withstanding the per cell decrease in function, PD-1 expression on polyfunctional 

memory CD8+ T cells strongly pre-disposes them to apoptosis. Significantly, transient in 

vitro blockade of PD-1-PDL-1 pathway is potent enough to reduce apoptosis of this 

important subset. In summary, the conclusions of this present report have profound 
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implications for immunotherapeutic regimens targeting polyfunctional CD8 T cell response 

against chronic infections. 

            One of the other highlights of the current work is the critical role of positive signals 

from a co-stimulatory molecule in mediating rescue of exhausted CD8 T cells. We show 

for the first time in an infectious disease model that CD40 plays an important CD8 intrinsic 

role in mediating CD8 T cell proliferation and poly-functionality, albeit in the context of 

reinvigoration of exhausted CD8 T cells. As mentioned earlier αPD-L1 therapy 

preferentially rescues pre-existing PD-1 expressing CD8 T cells in chronically infected 

animals, suggesting that differential recruitment of naïve T cells into antigen-specific pool 

plays at best a minor role during the rescue process (184). Based on this, it is tempting to 

speculate that CD40-CD40L pathway is especially important for this subset. However, 

further investigation is needed to definitively discriminate the effects of CD40-CD40L 

signaling on pre-existing CD8 T cells vs. new naïve cells entering the antigen specific pool 

during chronic toxoplasmosis. Another important question that needs to be addressed in 

future studies is, how CD8 intrinsic CD40 signaling affects CD8 T cell function. While 

preliminary data suggests that T-bet may be involved in this process, it is likely that other 

transcription factors and cytokines such as IL-21 may be involved as well. Moreover the 

role of molecules directly involved in CD40 signal transduction such as TRAF6, which has 

been shown to be critical for memory CD8 development in the Listeria model (an acute 

infection model), needs to be investigated in future studies of CD8 exhaustion (225). 

Another important and novel finding of the current work is the demonstration that CD40 

plays a strictly T cell intrinsic role in mediating up-regulation of IL-21 and its receptor. As 

mentioned earlier, IL-21-IL21R signaling has been shown to play an important role in 
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preventing CD8 exhaustion (89). In future studies, it will be important to discriminate 

between IL-21 dependent and independent role of CD8 intrinsic CD40 signaling during the 

rescue of exhausted CD8 T cells. The current findings complemented with a better 

understanding of the CD40-IL-21 axis in mediating dysfunctional CD8 T cell rescue will 

lead to more efficacious therapeutic vaccination strategies against tumors and chronic 

infections. 
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