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Donor CD8™" T Cells Prevent Toxoplasma gondii De-Encystation but
Fail To Rescue the Exhausted Endogenous CD8™ T Cell Population

Rajarshi Bhadra, Dustin A. Cobb, Imtiaz A. Khan

Department of Microbiology, Immunology and Tropical Medicine, George Washington University, Washington, DC, USA

Functional exhaustion of CD8* T cells due to increased expression of inhibitory molecule PD-1 (Programmed Death-1) causes
reactivation of latent disease during later phases of chronic toxoplasmosis. Onset of disease recrudescence results in decreased
parasite cyst burden concomitant with parasites undergoing stage conversion from a primarily encysted, quiescent bradyzoite to
a fast-replicating, highly motile tachyzoite. Thus, reduced cyst burden is one of the early hallmarks of disease recrudescence.
This was further validated by depleting gamma interferon (IFN-v), a cytokine known to control latent toxoplasmosis, in chroni-
cally infected prerecrudescent mice. Since CD8™ T cells (an important source of IFN-y) lose their functionality during the later
phases of chronic toxoplasmosis, we next examined if adoptive transfer of functional CD8* T cells from acutely infected donors
to the chronically infected prerecrudescent hosts could impede parasite de-encystation and rescue exhausted CD8™" T cells.
While the transfer of immune CD8" T cells temporarily restricted the breakdown of cysts, the exhausted endogenous CD8* T
cell population was not rescued. Over time, the donor population got deleted, resulting in parasite de-encystation and host mor-
tality. Considering that donor CD8* T cells fail to become long-lived, one of the cardinal features of memory CD8™ T cells, it
bears the implication that memory CD8 differentiation is impaired during chronic toxoplasmosis. Moreover, our data strongly
suggest that while adoptive immunotherapy can prevent parasite de-encystation transiently, reduced antigen burden in the
chronic phase by itself is insufficient for rescue of exhausted CD8™ T cells. The conclusions of this study have profound ramifica-
tions in designing immunotherapeutics against chronic toxoplasmosis.

Toxoplasma gondii is an obligate intracellular parasite of the
phylum apicomplexan which infects approximately 30% to
80% of humans worldwide (1-3). According to a recent CDC
report, toxoplasmosis is considered to be a leading cause of
food-borne mortality in the United States and ranks as one of
the five neglected parasitic infections that have been targeted
by the CDC for public health action (http://www.cdc.gov
/parasites/toxoplasmosis/). Acute infection of immunocompe-
tent adults remains largely asymptomatic, and immune control
results in parasite encystation at immune-privileged sites, in-
cluding the brain, where it apparently persists quiescently for
the life of the host (4, 5). Loss of immune competence results in
parasite reactivation in infected hosts, leading to encephalitis,
which was a major problem globally for HIV-infected popula-
tions in the pre-highly active antiretroviral therapy (HAART)
era (4, 5). Although the incidence of Toxoplasma encephalitis
(TE) has declined substantially in the United States and other
developed countries due to anti-Toxoplasma prophylactic
treatment and antiretroviral HAART therapy, it remains a ma-
jor problem in AIDS patients in developing countries due to
the lack of appropriate therapy and health care infrastructure
(6-8). Alarmingly, in sub-Saharan Africa, 25 million people are
HIV positive (http://www.unaids.org/bangkok2004/GAR2004
_html/ExecSummary_en/Execsumm_en.pdf), and coinfection
with T. gondii is highly underdiagnosed (9). Based on the high
seroprevalence in sub-Saharan Africa combined with the high
rate of HIV infection, it has been estimated that 2.5 to 10 mil-
lion people in African countries are at risk of dying from toxo-
plasmosis (6). Beyond the coprevalence with AIDS, Toxo-
plasma meningoencephalitis has been noted in malnourished
HIV-negative immunocompetent adults in India (10). Apart
from these regions, atypical Toxoplasma strains have been as-
sociated with significant human morbidity in countries in
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South and Central America (11-13). Thus, this understudied
pathogen remains a severe problem in developing countries.
Although innate immune responses play an important role
during early T. gondii infection, long-term protection against this
parasite is mediated by the adaptive immune response (4). Among
the T cell populations involved, gamma interferon (IFN-y)-pro-
ducing CD8" T cells are critical for keeping chronic infections
under control (4). Depletion of IFN-y or CD8™ T cells in chron-
ically infected mice leads to reactivation of latent infection and the
ultimate death of the host (4, 5, 14, 15). Recent studies from our
laboratory have reported that chronic infection with T. gondii in
the genetically susceptible C57BL/6 mouse results in a graded in-
crease in the level of the inhibitory receptor, PD-1 (Programmed
Death-1), on CD8" T cells (16-20). This leads to elevated CD8
apoptosis and progressive attrition of their functionality in terms
of IEN-v production. This phenomenon of CD8 “exhaustion” is
concomitant with parasite reactivation and host mortality. Ad-
ministration of blocking anti-PD-L1 antibody to chronically in-
fected animals reinvigorated CD8™ T cell functionality and pre-
vented their death (16). Based on these studies, it can be
concluded that functional CD8™ T cells play a key role in keeping
T. gondii in a quiescent stage and preventing the reactivation of
latent infection. As most of the mortality due to Toxoplasma in-
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fection is due to reactivation of latent infection, immunothera-
peutic agents that arrest the process would prove highly beneficial
to the infected host. Previous reports, including those from our
laboratory, have demonstrated that adoptive transfer of immune
CD8™" T cells can protect naive animals against the lethality of
acute infection (4). In the current study, we determined if exoge-
nous immune CD8" T cell treatment could rescue the endoge-
nous population and thus ensure host survival. Interestingly,
while administration of exogenous CD8" T cells from acutely
infected animals to chronically infected mice initially prevented
parasite reactivation in the recipients, it did not rescue the endog-
enous CD8 population or result in differential long-term survival
results. Additionally, donor CD8™ T cells could not be detected
during the later stages of infection, suggesting that development of
memory, a hallmark of robust CD8 immunity, is impaired during
chronic toxoplasmosis. Overall, the conclusions of this study have
important implications for designing immunotherapeutic ap-
proaches that target chronic toxoplasmosis.

MATERIALS AND METHODS

Mice. Female C57BL/6 mice (6 to 8 weeks of age) were purchased from the
National Cancer Institute. CD90.1 mice were purchased from Jackson
Laboratories. Animal studies were carried out in agreement with the In-
stitutional Animal Care and Use Committee (IACUC)-approved guide-
lines at George Washington University Medical Center. Mice were scored
daily on a scale of 1 (asymptomatic) to 5 (most severe) based on several
aspects. Moribund mice were characterized by severe loss of mobility,
hunched back, piloerection or ruffled fur, and weight loss. All experiments
were approved by the George Washington University Medical Center An-
imal Resource Facility IACUC under protocol approval number A052 in
accordance with American Association for Accreditation of Lab Animal
Care (AAALAC)-certified guidelines.

Parasites and infection. T. gondii cysts of ME49 strain were prepared
from the brains of infected mice. Unless mentioned otherwise, animals
were infected with an average of 10 cysts/mouse via intragastric route and
sacrificed by CO, inhalation at different time points postinfection (pi).

TLA preparation. Toxoplasma lysate antigen (TLA) was extracted
from the RH strain of the parasite, and preparation was carried out as
previously described (21).

Cyst enumeration. Brains were homogenized in 1.5 ml phosphate-
buffered saline (PBS) using a Dounce homogenizer. All cyst counts were
performed immediately after preparation of brain homogenates. Cysts
were then counted by examining 10 pl of the brain homogenate under a
coverslip using light microscopy under X40 magnification. Total cyst
numbers were determined per brain based on counting 6 to 9 slides pre-
pared from each brain homogenate.

Real-time RT-PCR for parasite stage-specific markers. Total RNA
was harvested from flash-frozen infected mouse brains by homogeniza-
tion in TRIzol reagent (Invitrogen) followed by extraction using phenol
chloroform, digestion with DNase-1 (Roche), and then further purifica-
tion with RNeasy spin columns (Qiagen). cDNAs were generated using
Moloney murine leukemia virus (MMLV) reverse transcriptase (RT) (In-
vitrogen), and semiquantitative real-time PCR was performed using iQ
SYBR green Supermix (Bio-Rad) with primers for SAG-1 (IDT), BAG-1
(IDT), and Toxoplasma-specific actin (TgACT-1; IDT) on an iCycler iQ
thermal cycler (Bio-Rad). Samples used for RT-PCR were first normalized
for constitutively expressed Tg-ACT1 (22). Primer sequences are as fol-
lows: for 5'TgACT-1, TCCCGTCTATCGTCGGAAAG; for 3'TgACT-1,
CCATTCCGACCATGATACCC; for 5'SAG-1, ATCGCCTGAGAAGCA
TCACTG; for 3'SAG-1, CGAAAATGGAAACGTGACTGG; for 5'BAG-1,
GACGTGGAGTTCGACAGCAAA; for 3'BAG-1, ATGGCTCCGTTGTC
GACTTCT; and for 3'ENO-2, ACTCGTTCTTAGTTCCATCG.

PCRs were carried out using 1 cycle at 95°C for 10 min followed by a
two-step cycle, one at 95°C for 15 s and then another at 60°C for 1 min
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repeated 40 times. PCR products were then analyzed for quality by melt
curve analysis. Quantitation of transcripts for SAG-1 and BAG-1 relative
to day 10 postinfection (day 10 postinfection level = 1.0) were calculated
according to the Pfaffl method of quantitation (23).

Lymphocyte isolation and staining. A single-cell suspension was gen-
erated from spleen and brain using a standard protocol (16, 24). Splenic
single-cell suspensions were made by mechanical disruption followed by
red blood cell lysis. Brain lymphocyte enrichment was carried out as fol-
lows: brains were individually washed in Hanks balanced salt solution
(HBSS)-heparin (2 IU/ml) and then mashed through a 70-pwm-pore-size
cell strainer followed by the use of a gradient centrifuge (2,000 rpm for 20
min) and a 30% Percoll solution containing 100 IU/ml of heparin. The
pellet was then resuspended in cold PBS—2% fetal calf serum (FCS). The
following antibodies were used in cell surface staining and intracellular
staining of lymphocytes: «CD8B (clone H35-17.2; eBioscience), aPD-1
(clone J43; eBioscience), aCD90.1 (clone OX-7; BioLegend), alFN-y
(clone XMG1.2; BD Biosciences), aKi-67 (clone B56; BD Biosciences),
and aPD-L1 (clone MIH5; eBioscience). Intracellular staining was per-
formed after surface staining, using a Cytofix/Cytoperm kit (BD Biosci-
ences) per the manufacturer’s protocol. Cell fluorescence was measured
with a BD FACSCalibur or a Cytek-upgraded 8-color BD FACSCalibur
cytometer which accounts for differences in fluorescence scale. Data were
analyzed using FlowJo (TreeStar) software. Cells were leukocyte gated
based on forward scatter and side scatter. Gating for positive and negative
populations was set up based on FMO (fluorescence minus one) controls.
MFI denotes mean fluorescence intensity.

Intracellular cytokine detection. For cytokine detection, restimula-
tion was carried out for 16 h with 30 pug/ml of TLA in supplemented
Iscove’s Complete Dulbecco’s modified Eagle’s medium (DMEM) at 37°C
in 5% CO,. Monensin (BD Biosciences) (0.65 wl/ml) and brefeldin A (BD
Biosciences) were added during the final 9 h of stimulation.

Flow cytometric detection of T. gondii-infected cells. Intracellular
staining was performed on single-cell suspensions as described above with
some modifications. Postpermeabilization, staining with fluorescein iso-
thiocyanate (FITC)-labeled polyclonal anti-Toxoplasma antibody (Ab-
cam) was performed. This was followed by incubation with biotinylated
anti-FITC antibody (FIT-22; BioLegend) and subsequent labeling with
streptavidin FITC (eBioscience). Cells were analyzed based on leukocyte
gating and forward and side scatter.

In vivo antibody treatment. For in vivo IFN-vy depletion, rat anti-
IEN-v (clone XMG1.2; BioXCell) (4 mg) or rat IgG1 isotype-matched
control antibody (BioXCell) (4 mg) was injected intraperitoneally (i.p.)
daily for 4 days starting at day 31 pi.

Adoptive transfer of CD8* T cells. ME49-infected CD90.1 mice (or
wild-type mice for some experiments) or naive animals were sacrificed at
day 14 pi, splenic single-cell suspensions were prepared, and T cells from
the tissues were isolated by magnetic purification using «CD8f3 antibody
(Stem Cell Technology) according to the manufacturer’s instructions.
Purified CD8™" T cells (>90% pure; 4 X 10° cells/mouse) were adoptively
transferred to chronically infected (week 7 pi) recipient mice (wild type;
CD90.2) via the intravenous (i.v.) route. For some experiments, control
“recipients” were left untreated or injected with PBS. For adoptive trans-
fer of memory CD8™ T cells, cells from brains of infected CD45.1 mice
were first purified by magnetic purification at day 24 pi. Purified CD8™ T
cells were subsequently stained with aCD8B, aKLRGI (clone 2F1;
eBioscience), and aCD127 (clone A7R34; eBioscience) and were sorted
using a BD FACSAria instrument. Sorted effector or memory CD8* T
cells (1.5 X 10*) were then adoptively transferred to chronically infected
(week 5 pi) recipient (CD45.2) mice.

Statistical analysis. Differences in cyst burden, parasite gene expres-
sion levels, percentages, absolute numbers, and MFI for each experiment
were evaluated using Student’s ¢ test with P < 0.05 taken as statistically
significant. Error bars in graphs represent standard deviations of values
for individual mice in the group from one experiment. Comparison of
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survival curves was performed using the log-rank (Mantel-Cox) test. All
computations were performed using GraphPad Prism Software.

RESULTS

Toxoplasma de-encystation correlates with parasite reactiva-
tion during chronic toxoplasmosis. In the intermediate hosts
(including humans), Toxoplasma undergoes stage conversion be-
tween the rapidly proliferating and highly motile tachyzoite which
is considered to be responsible for acute toxoplasmosis and the
relatively quiescent, slowly replicating, encysted bradyzoite that
can persist lifelong (25, 26). Host innate immunity and adaptive
immunity are thought to cause differentiation of tachyzoites into
bradyzoites (27). Several steps are involved in tachyzoite-to-bra-
dyzoite differentiation, including changes in metabolism and re-
placement of the parasitophorous vacuole with a cyst wall (25, 28).
These processes require coordinated transcription of specific
genes that are highly dynamic and occur prior to full encystation
and have the potential to revert, during parasite reactivation, to
tachyzoite-like levels (29). Hence, in immunocompromised indi-
viduals such as HIV-infected individuals and bone marrow trans-
plant recipients, loss of immune controls results in parasite recon-
version from the bradyzoite to the tachyzoite stage, ultimately
leading to TE (25). Similarly, a recent study from our group, using
the same strain of Toxoplasma (as well as the same infective dose,
route of infection, and time points of analysis) has demonstrated
that host mortality in chronically infected C57BL/6 mice corre-
lates with bradyzoite-to-tachyzoite conversion as assessed by ex-
pression of tachyzoite-specific ENO-2 and bradyzoite-specific
ENO-1 (16). Since bradyzoites remain primarily encysted and
parasite reactivation involves stage conversion from the brady-
zoite to the tachyzoite stage, we hypothesized that an initial para-
site reactivation would result in a decreased cyst burden in brain
(16, 25). Notably, the kinetics of the cyst burden determined from
the brains of Toxoplasma-infected mice indicates a dynamic pat-
tern (Fig. 1A). Cyst numbers reach their peak at week 5 postinfec-
tion (pi), are significantly reduced at week 7 pi, increase modestly
at week 10, and then sharply decrease in moribund mice. To fur-
ther validate if the reduced cyst burden noted at week 7 pi corre-
lated with parasite stage conversion, we assayed for alterations in
stage-specific parasite expression by measuring transcription of
tachyzoite-specific SAG-1 and bradyzoite-specific BAG-1 genes.
As shown in Fig. 1B and C, reduced cyst burden at week 7 corre-
lated with elevated SAG-1 and decreased BAG-1 levels. This is in
agreement with our previous study which showed that chronically
infected mice at week 7 pi exhibit increased ENO-2 (tachyzoite
specific) and decreased ENO-1 (bradyzoite specific). Interest-
ingly, we observed a modestly increased cyst burden (Fig. 1A)
along with elevated expression of both ENO-2 and ENO-1 at week
10 pi (16), indicating that despite limited tachyzoite-to-brady-
zoite conversion, the parasites were still in a reactivated stage.
Overall, our data strongly argue that the onset of disease recrudes-
cence during chronic toxoplasmosis involves parasite de-encysta-
tion concomitant with bradyzoite-to-tachyzoite-stage conver-
sion.

Revalidation of parasite de-encystation as an early hallmark
of Toxoplasma reactivation. Next, we wanted to revalidate
whether de-encystation is indeed an early hallmark of parasite
reactivation. The role of IFN-v in maintaining T. gondii parasites
in the quiescent stage in vivo is well established (4). Since IFN-vy
depletion during chronic toxoplasmosis has been reported to in-
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FIG 1 Decreased cyst burden during late-chronic T. gondii infection corre-
lates with parasite reactivation. (A) C57BL/6 mice were infected with 10 ME49
cysts orally, and the number of brain cysts was enumerated at weeks 3, 5,7, and
10 postinfection. A similar trend in cyst kinetics was observed in 3 independent
experiments. (B and C) SAG-1 and BAG-1 relative expression levels were mea-
sured in brain at week 7 pi. The transcript level at day 10 was taken as 1. The
data represent at least two experiments with at least 4 mice per group. Error
bars represent standard deviations throughout.

duce parasite reactivation and host mortality, we determined if
chronically (early-phase) infected anti-IFN-y-treated mice
showed a reduced cyst burden, akin to mice at the late phase (week
7) of chronic infection (14). To address this, mice were treated
with aIFN-+v antibody or isotype control starting at day 31 pi and
brains were analyzed for various parameters 4 days later (Fig. 2A).
In agreement with the parasite kinetic data presented above, anti-
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FIG 2 Reduced cyst burden and increased leukocyte parasitization in mice
treated with alFN-vy during early-chronic infection. (A) aIFN-y antibody was
injected daily, starting at day 31 pi (n = 7). Animals were sacrificed 4 days after
initiation of treatment. (B) The number of brain cysts was enumerated in
isotype- or aIFN-y antibody-treated mice. (Cand D) T. gondii-infected cells in
brain leukocyte-gated samples (1 = 5) were assayed by flow cytometry, and the
results are depicted as histograms (C) or a bar graph (D). The data represent
two experiments with at least 4 mice per group.
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IFN-vy treatment resulted in a marked decrease in cyst burden
(Fig. 2B). Next, we wanted to address whether this decreased cyst
burden in oIFN-vy-treated mice was due to parasite reactivation or
due to clearance of cysts by IFN-y-independent immune mecha-
nisms. To address this, we assayed for nonencysted parasites. Un-
like free parasites, Toxoplasma has been shown to disseminate in
the infected host using parasitized leukocytes (30). Interestingly, a
recent study from our laboratory has also demonstrated that stage
conversion during later phases of chronic toxoplasmosis results in
a sharp increase in levels of parasitized leukocytes of myeloid lin-
eage, especially in moribund mice (16). Based on this and taking
into consideration the fact that encysted parasites in brain are
primarily restricted to neurons in chronically infected mice (26),
we hypothesized that if the reduced cyst burden in IFN-y-depleted
mice was due to parasite reactivation, it would result in an increase
in the number of nonencysted parasites, thereby leading to an
elevated frequency of parasitized leukocytes. In contrast, if the
decreased cyst burden was due to immune response-mediated cyst
clearance, no increase in the parasitized leukocyte frequency
would be noted. In agreement with our primary hypothesis, the
reduced cyst burden in alFN-y-treated mice was found to be as-
sociated with an elevated frequency of parasitized leukocytes (Fig.
2C and D). These observations suggest that a decrease in the cyst
number is a hallmark of initiation of disease recrudescence in
chronically infected hosts. Although a 4-day olFN-y treatment
led to a decreased cyst burden, prolonged (9-day) antibody ad-
ministration did indeed result in an increased cyst burden (along
with elevated morbidity; 4,560 to 6,440 cysts/brain) akin to that
seen with week 10 infected untreated mice (Fig. 1A), suggesting
that that there is a continuous cycle of de-encystation and re-
encystation (i.e., nonencysted parasites forming cysts) taking
place (data not shown).

Adoptive transfer ofimmune CD8™ T cells controls the reac-
tivation of latent Toxoplasma infection. As mentioned earlier,
IFN-v is critical for preventing Toxoplasma reactivation (14). In-
cidentally, CD8™ T cells via IFN-vy production play a pivotal role
in controlling chronic infection (14, 31). Since CD8™ T cells be-
come exhausted and lose their ability to produce optimal IFN-y
during the later phases of chronic toxoplasmosis (16), we hypoth-
esized that adoptive transfer of immune and healthy (i.e., not ex-
hausted) CD8™" T cells from acutely infected mice to a chronically
infected host, prior to disease recrudescence, would prevent par-
asite reactivation. To address this, CD8™ T cells were purified
from acutely infected congenic animals (CD90.1) at week 2 piand
transferred to chronically infected recipients (CD90.2) which had
been challenged with T. gondii cysts 5 weeks earlier (Fig. 3A).
Control animals received an equal number of CD8" T cells iso-
lated from naive donors or were left untreated. As expected,
chronically infected animals prior to receiving immune CD8* T
cells exhibited a high cyst number in the brain which was signifi-
cantly reduced 2 weeks later (week 7 pi) in control mice (untreated
mice or recipients of naive CD8" T cells) (Fig. 3B). However,
treatment with immune CD8" T cells enabled the recipients to
maintain the cyst number at week 5 (early-chronic) levels, sug-
gesting that the de-encystation process was controlled at least up
to 2 weeks posttransfer. Although the cyst burden in immune
CD8™ T cell transfer recipients was maintained at week 5 levels,
the possibility of parasites de-encysting and subsequently re-en-
cysting due to immune pressure cannot be entirely ruled out. Such
a process would mask any potential de-encystation. However,
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FIG 3 Control of parasite reactivation by adoptive transfer of immune CD8" T
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Weeks post-transfer
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cells. (A) Splenic CD8™" T cells (4 X 10°) purified from donor mice at week 2 pi

were adoptively transferred via the i.v. route into chronically infected recipient mice at week 5 pi. (B) Cyst burden in brains of recipient mice (n = 5) was evaluated
2 weeks posttransfer. (C and D) Frequencies of KLRG1-expressing recipient CD8* T cells (7 = 4) in brain are shown as density plots (C) (2 weeks posttransfer)
or as a bar graph (D). (E) Cyst burden in brains of recipient mice was assessed at 4 weeks posttransfer. (F and G) T. gondii-infected cells in brain and blood
leukocyte-gated samples from recipient mice (1 = 5) were assayed by flow cytometry. (F) A histogram depicts frequency of parasite-infected leukocytes at 2 weeks
posttransfer. (G) A bar graph (left panel, brain; right panel, blood) shows percentages of infected leukocytes at weeks 2 and 4 posttransfer in recipient animals that
received immune CD8™" T cell transfer or PBS. (H) Survival ofimmune CD8™" T cell transfer recipients (1 = 8) and saline-treated controls (n = 7) was monitored

on a daily basis. Data represent two experiments.

parasite de-encystation, no matter how transient, would expose
antigens from nonencysted parasites to the immune system.
KLRG1 expression on CD8™ T cells has been shown to be a marker
of repeated antigen stimulation (32, 33), and prevention of anti-
gen release results in reduced KLRG1 expression (34). As shown in
Fig. 3C and D, concomitant with a reduced cyst burden in control
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recipients (week 2 posttransfer), endogenous CD8 T cells in brain
exhibited elevated KLRGI expression vis-a-vis pretransfer levels
(week 5, early chronic) at both week 2 and week 4 posttransfer. In
contrast, KLRG1 expression on endogenous CD8 ™ T cells at week
2 posttransfer was maintained at early-chronic levels in mice that
received immune CD8" T cells. Similar trends were also noted
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with total CD8 populations (i.e., both donor and recipient CD8*
T cells; data not shown). This strongly suggests that donor CD8 T
cells maintain cyst burdens at week 5 levels by preventing parasite
de-encystation. However, at week 4 posttransfer, KLRG1 expres-
sion on endogenous CD8™ T cells in immune CD8* T cell transfer
recipients was elevated to the same level as in control animals (Fig.
3D). This bears the implication that while donor CD8" T cells
prevent parasite de-encystation early on, they fail to control par-
asite reactivation at the later stages of infection. In agreement with
this notion, the cyst burden at week 4 posttransfer was reduced in
immune CD8" T cell transfer recipients and was equivalent to
that seen in the control group (Fig. 3E). The role ofimmune CD8 ™"
T cells in controlling chronic Toxoplasma reactivation was further
established by measuring the frequency of infected leukocytes in
brain and blood of recipient animals. Severalfold decreases in the
percentage of infected leukocytes in immune CD8* T cell-admin-
istered animals were noted in both tissues at week 2 posttransfer
(Fig. 3F and G). This further reinforces the paradigm that donor
CD8" T cells are indeed able to control parasite reactivation.
However, this ability of immune CD8™ T cells to control de-en-
cystation extended to a limited time frame. At week 4 posttransfer,
the percentages of infected leukocytes were elevated to similar
levels in both groups of mice (Fig. 3G). The limited ability of
immune CD8™ T cells to control de-encystation over an extended
time frame was further established by survival studies. As shown
in Fig. 3H, no difference in the long-term survival of immune
CD8™ T cell transfer recipients and control group mice was noted.

CD8™* T cells from immune donors fail to rescue the endog-
enous CD8" T cell population in chronically infected hosts. As
stated earlier, CD8 " T cells exhibit elevated PD-1 expression con-
comitant with CD8 dysfunction and parasite reactivation during
the later stages of chronic infection (16). This is accompanied by
upregulation of PD-L1, a PD-1 receptor, on leukocytes (16). Con-
sidering that blockade of PD-1 interaction with its receptor PD-L1
has been shown to reinvigorate CD8" T cell response, we next
explored if control of parasite reactivation by donor CD8™ T cells
resulted in downregulation of these inhibitory molecules in the
endogenous population. At first, the level of PD-L1 expression in
the spleen and brain leukocytes of recipient mice was measured at
weeks 2 and 4 posttransfer. Similar to their ability to impede the
reactivation process, immune CD8™ T cells were able to reduce
PD-L1 expression on the splenic and brain leukocytes of the in-
fected recipients at 2 weeks posttransfer (Fig. 4A and B). However,
this ameliorative effect was transient and at week 4 posttransfer no
difference in PD-L1 expression was noted between the two groups
(Fig. 4A and B). Since blockade of PD-1-PD-LI signaling via
aPD-L1 treatment has been shown to augment CD8™ T cell pro-
liferation during chronic toxoplasmosis (16) and the current CD8
immunotherapy regimen was able to downregulate PD-L1, albeit
transiently, we hypothesized that the absolute number of endog-
enous CD8" T cells would be elevated at least at early time points
in immune CD8" T cell transfer recipients. In contrast to our
hypothesis, irrespective of the presence or absence of donor CD8 ™"
T cell transfer, the absolute number of endogenous CD8 ™" T cells
was not augmented at week 2 or week 5 posttransfer. Additionally,
at the later time point, donor CD8" T cells could not be detected,
suggesting that Toxoplasma infection fails to elicit a long-term
CD8 response. Next, we determined if the transfer of immune
CD8™ T cells had any effect on PD-1 expression of endogenous or
donor CD8 populations. Due to the very low number of donor
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cells, we could not reliably assess expression of PD-1 or other
molecules on these cells. As shown in Fig. 4E and F, transfer of
immune CD8" T cells to the infected mice did not alter PD-1
expression of the endogenous cells, suggesting their inability to
rescue exhaustion in these cells. The combined results of this study
demonstrate that despite initial control of parasite reactivation
and attenuation of PD-L1 expression, immune donor CD8* T
cells not only are unable to restore endogenous CD8™ T cell num-
bers but also fail to downregulate CD8-expressed PD-1 levels.

Donor CD8" T cells fail to rescue the functionality of endog-
enous populations. Although adoptive transfer of immune CD8 ™"
T cells failed to restore the absolute number of endogenous CD8 ™
T cells in recipient mice, this does not necessarily rule out an
elevated proliferative potential of CD8™" T cells in such animals.
Augmented apoptosis or differential CD8™" T cell recruitment can
potentially result in unaltered numbers of CD8" T cells in these
recipients. Hence, to definitively address if control of parasite re-
activation had any effect on in situ proliferation, CD8" T cells
were assessed for Ki-67, a widely used maker for cell proliferation
(16, 17). As shown in Fig. 5A and B, independently of immune
CD8" T cell administration, endogenous CD8™ T cell prolifera-
tion remained unaltered in both spleen and brain. As mentioned
earlier, CD8" T cell-produced IFN-y plays a critical role in the
control of chronic infection (4). Hence, we next examined if pre-
vention of parasite reactivation resulted in augmented IFN-vy pro-
duction by endogenous CD8" T cells. Adoptive transfer of im-
mune or naive CD8" T cells did not result in differential IFN-y
production by CD8" T cells in spleen or brain (Fig. 5C and D).
Taken together, our data suggest that control of antigen or PD-L1
downregulation by immune donor CD8™ T cells is not sufficient
for rescue of endogenous CD8 functionality in chronically in-
fected mice.

Exogenous memory CD8* T cells fail to rescue endogenous
populations. Antigen-independent long-term maintenance and
rapid recall response are the hallmarks of memory CD8" T cells
generated during acute infection (4). Given that adoptive transfer
of immune CD8" T cells from acutely infected animals had no
long-term impact on the endogenous CD8™" T cell response, we
reasoned that this effect may be enhanced by transferring memory
cells as opposed to effector CD8 T cells. A previous study had
demonstrated that CD8" T cells home to the brain in a strictly
antigen-specific manner (35). Hence, in order to ensure that re-
cipient animals received similar numbers of antigen-specific effec-
tor or memory CD8" T cells, donor CD8™ T cells were purified
from brains of infected congenic animals (CD45.1) at week 4
postinfection. Subsequently, effector (KLRG1™ CD127"°) and
memory (KLRG1" CD127") CD8" T cell subsets were sorted
based on well-established subset-specific phenotypic markers and
adoptively transferred to chronically infected (week 5 pi) recipi-
ents (Fig. 6A) (18). A previous study has demonstrated in the
Borna disease virus model that lymphocytes harvested from brain
indeed home to the recipient brain upon adoptive transfer (36).
Five weeks posttransfer, brains of recipient animals were assessed
to determine if treatment with memory as opposed to effector
CD8™ T cells resulted in differential long-term effects on parasite
control and endogenous CD8™ T cell rescue. As shown in Fig. 6B,
independently of the adoptively transferred CD8 subset, no sig-
nificant decrease in the percentage of infected brain leukocytes
was noted in the recipients vis-a-vis untreated mice (Fig. 3G). This
suggests that poor long-term control of chronic toxoplasmosis is
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FIG 4 Donor CD8™ T cells do not ameliorate endogenous CD8™ T cell exhaustion during late-chronic toxoplasmosis. (A and B) PD-L1 expression was assayed
on total splenic and brain leukocytes by flow cytometry at weeks 2 and 4 posttransfer. Data are presented as representative histograms (A) or bar graphs (B). (C)
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not specific to the donor CD8 subset. Further, levels of PD-L1
expression on brain leukocytes were similar in the two groups of
recipient animals (Fig. 6C). Similarly, the absolute numbers of
endogenous brain resident CD8" T cells (Fig. 6D) as well their
PD-1 expression levels remained unaltered (Fig. 6E). This suggests
that exhausted cells cannot be rescued even in the presence of
memory CD8™ T cells from healthy donors. Lastly, to determine if
transfer of donor memory CD8™ T cells improved the function-
ality of exhausted endogenous T cell populations, IFN-y produc-
tion was examined. Independently of the CD8" T cell subset
transferred, no change in IFN-y production by endogenous CD8 ™"
T cells was noted (Fig. 6F). These results demonstrate that the
transient ameliorative effect provided by donor CD8* T cells in
chronically infected animals is not improved or maintained by
treating animals with memory CD8™ T cells.

DISCUSSION

CD8™ T cells play a critical role in long-term T. gondii infection,
and their optimal maintenance is essential for controlling the
chronic infection (4). Mice lacking CD8" T cells are unable to
withstand chronic infection (37), and anti-CD8 treatment of
chronically infected wild-type animals leads to reactivation of la-
tent disease (14). Reactivation of parasitic infection in HIV-in-
fected populations is believed to occur at later stages of viral infec-
tion when the adaptive immune compartment gets compromised
(4). Similarly, wild-type C57BL/6 mice, in spite of evoking a ro-
bust CD8™ T cell response during the acute phase (38), are unable
to control chronic infection (16). These animals ultimately be-
come moribund and succumb to reactivation of disease. The in-
ability of these mice to contain chronic infection was attributed to
CD8™ T cell dysfunction mediated by increased expression of a
coinhibitory molecule, PD-1 (16). This is the first report describ-
ing host mortality due to PD-1-mediated CD8 ™" T cell exhaustion
in a parasitic infection. Similar to observations made in chronic
viral models of CD8 exhaustion (39), reinvigoration of CD8" T
cell response via aPD-L1 therapy could restore the exhausted
CD8™ T cells and prevent death.

As stated above, immune CD8™ T cells have the ability to pro-
tect naive or immunodeficient animals against acute Toxoplasma
infection which can otherwise prove to be lethal to these animals
(4, 5). In the current study, we planned to determine if exogenous
treatment with immune CD8" T cells can control parasite reacti-
vation and rescue exhausted CD8™ T cells. At first, we established
that de-encystation as shown by reduced cyst burden in chroni-
cally infected mice (week 7) is a hallmark of disease onset. This was
reconfirmed using multiple approaches such as assessment of par-
asite stage-specific markers, frequency of parasitized leukocytes,
and CD8-mediated expression of KLRG1, a marker of repeated
antigen encounter (34). Since IFN-vy is considered to be pivotal for
keeping chronic infection under control and depletion of this cy-
tokine results in rapid parasite reactivation (14), we further vali-
dated if transient IFN-y depletion resulted in parasite de-encysta-
tion and reactivation. Akin to disease recrudescence during
“natural” infection, aIFN-vy treatment resulted in decreased cyst
burden and increased leukocyte parasitization.

Multiple studies have interpreted higher cyst burden as a read-
out of poor immune response (40, 41). However, most of these
studies using knockout mice or antibody-based depletion or im-
mune cell transfer or cytokine addition have used experimental
setups which have a strong impact on the acute-phase infection (as
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well as chronic). Thus, the absence of an immune factor such as
interleukin-12 (IL-12) in p40 '~ mice would lead to poor control
of tachyzoites in the acute phase, resulting in an elevated number
of tachyzoites getting converted into cysts in the chronic phase
(40). In the former context, the elevated cyst burden can be inter-
preted only as areadout for poor immune control during the acute
phase and not necessarily during the chronic phase of infection. In
contrast, the current study exclusively focused on the chronic in-
fection phase and addressed factors that ensure that cysts remain
quiescent. Based on our data, it seems that reduced cyst burden is
a good maker for the onset of disease recrudescence during natu-
ral infection. Although after initial reactivation at week 7 the cyst
burden modestly increased at week 10, presumably due to partial
immune control, the parasites were still undergoing stage conver-
sion. Nevertheless, moribund mice in all cases exhibited low cyst
numbers and a high degree of leukocyte parasitization (4). Similar
results in terms of reduced cyst burden were noted in another
study involving a dexamethasone-induced model of reactivated
toxoplasmosis (42). It is possible that in moribund mice, due to
severely attenuated CD8 response as well other potential immune
deficits (16), nonencysted parasite are not forced to re-encyst like
mice infected at week 10. This perhaps results in a sharp decrease
in cyst burden with a corresponding increase in the percentage of
parasitized leukocytes.

Since CD8 T cells undergo exhaustion concomitant with par-
asite reactivation during the later phases of chronic toxoplasmosis
(16), we next explored if adoptive transfer of healthy immune
CD8™ T cells to chronically infected prerecrudescent mice was
able to control parasite reactivation. Although such donor cells
were able to prevent Toxoplasma reactivation in chronically in-
fected hosts, the effect was not long-term. During the later stages,
immune CD8" T cell transfer recipients underwent parasite de-
encystation akin to control mice. This was further evidenced by
the observation that administration of immune CD8™ T cells did
not confer a long-term survival advantage to these animals. Also,
surprisingly, treatment of chronically infected animals with mem-
ory phenotype CD8* T cells from healthy donors failed to rescue
the exhausted CD8™ T cells or decrease the parasite load in the
recipient animals. Considering that memory T cell imprinting can
take place as early as the first cell division (43), this raises the issue
of whether the donor memory CD8 T cells even at week 4 pi are
already predisposed to CD8 exhaustion. Alternatively, it is possi-
ble that upon transfer to a highly exhausted environment (where
the PD-1 receptor PD-L1 is expressed at high levels on hemato-
poietic cells), these memory CD8 T cells may become rapidly dys-
functional and deleted. These possibilities may not be mutually
exclusive. This is not entirely unexpected based on our previous
finding that PD-1 is not only expressed (albeit at a lower level than
in chronically infected mice) very early during the course of Toxo-
plasma infection (16) but is also expressed preferentially on mem-
ory phenotype CD8™" T cells (18).

This transient control of reactivation was concomitant with
reduced PD-L1 expression. Since the PD-PD-L1 pathway is in-
volved in CD8 exhaustion and treatment with aPD-L1 rescues
CD8™ T cell functionality (16), it is indeed surprising that atten-
uated PD-L1 levels failed to augment endogenous CD8" T cell
proliferation or functionality or absolute numbers. Moreover, ir-
respective of the source of donor CD8™ T cells, PD-1 expression in
endogenous CD8" T cell populations remained unaffected. This
discrepancy may be due to failure of immune CD8" T cells to
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bring down PD-L1 expression sufficiently to ablate PD-1-PD-L1
interaction.

Since donor CD8™ T cells fail to rescue the endogenous CD8
population, it is likely that effector mechanisms exhibited by do-
nor CD8 " T cells are directly responsible for short-term control of
parasite reactivation. As mentioned earlier, previous studies in
chronic T. gondii model have demonstrated that cytotoxicity and,
especially, IFN-y production are critical effector mechanisms for
CD8™ T cell-mediated parasite control (15, 37, 44). The differen-
tial contributions of these effector mechanisms to short-term par-
asite control by donor CD8™ T cells need to be assessed. CD8™ T
cell-produced IFN-vy also plays a critical role in eliciting nitric
oxide production by macrophages via induction of inducible ni-
tric oxide synthase (iNOS) (45). Incidentally, nitric oxide (NO)
plays a critical role in control of chronic toxoplasmosis (45). Re-
cently, PD-L1 expression has been shown to downregulate iNOS
expression and NO production by peritoneal macrophages in
Trypanosoma cruzi-infected mice (46). In light of this finding and
the observation that donor CD8" T cells downregulate PD-L1
expression on endogenous leukocytes in our model, it is tempting
to speculate that another mechanism of CD8-mediated parasite
control may be increased NO production by macrophages via
PD-L1 downregulation.

A recent study in a viral model has suggested that the antigen
burden is a critical determinant of CD8 exhaustion (47). How-
ever, our current data strongly suggest that control of antigen
during chronic phase of infection is not sufficient for CD8* T cell
rescue. Although donor immune CD8" T cells failed to rescue
exhausted CD8™" T cells, these cells themselves do not exhibit a
cardinal feature of robust memory CD8* T cell long-term sur-
vival. As such, bulk donor CD8™ T cells or even sorted memory
phenotype donor CD8" T cells cannot be detected at later time
points. A previous study has demonstrated that memory/effector
imprinting of T cell occurs early in the course of T cell develop-
ment (43). A subsequent investigation demonstrated that antigen
encounter history diversifies the CD8 T cell transcriptome while
preserving a core signature (48). This raises the possibility that
donor CD8™ T cells are not appropriately programmed for mem-
ory development or that their memory lineage commitment gets
corrupted after transfer into a dysfunctional environment. Ad-
dressing these potential mechanisms will be critical for develop-
ment of robust immunotherapy against this pathogen. Although
aPD-L1 treatment rescued exhausted CD8" T cells during
chronic toxoplasmosis (16), a caveat of this study is that pro-
longed blockade of the PD-PD-L1 pathway carries the risk of au-
toimmunity (49). Additionally, will the discontinuation of anti-
PD-L1 antibody restart the process of exhaustion? Nevertheless, as
our data clearly demonstrate, immunotherapy with immune
CD8™ T cells is not an appropriate solution for the rescue of dys-
functional CD8" T cells. Recent studies from our group have
demonstrated that anti-PD-L1 treatment of chronically infected
mice augments the levels of CD8" T cell-expressed Eomes (16,
17), a T-box family transcription factor critical for memory devel-
opment (50). Taking this into consideration, it will be interesting
to determine if adoptive transfer of retrovirally transfected Eomes
overexpressing CD8" T cells is able to elicit a more robust and
long-lasting outcome. Since one of the factors downregulating
Eomes is BLIMP-1, a zinc finger transcription factor (51), alter-
natively, adoptive transfer of immune CD8" T cells from condi-
tional BLIMP-1 homozygous or heterozygous animals may be
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better at controlling disease recrudescence. Addressing these pos-
sibilities will be important for development of better immuno-
therapeutics against this pathogen. Nevertheless, the current re-
port provides strong evidence that CD8" T cells can control
parasite reactivation, albeit transiently, via prevention of de-en-
cystation. Identifying new molecular targets that make donor
CD8™ T cells long-lived will be critical for preventing TE from a
clinical perspective.
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