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Abstract

CD8+ T cells play an essential role in the protection against both acute as well as chronic Toxoplasma gondii infection.
Although the role of IL-15 has been reported to be important for the development of long-term CD8+ T cell immunity
against the pathogen, the simultaneous roles played by both IL-15 and related c-chain family cytokine IL-7 in the generation
of this response during acute phase of infection has not been described. We demonstrate that while lack of IL-7 or IL-15
alone has minimal impact on splenic CD8+ T cell maturation or effector function development during acute Toxoplasmosis,
absence of both IL-7 and IL-15 only in the context of infection severely down-regulates the development of a potent CD8+ T
cell response. This impairment is characterized by reduction in CD44 expression, IFN-c production, proliferation and
cytotoxicity. However, attenuated maturation and decreased effector functions in these mice are essentially downstream
consequences of reduced number of antigen-specific CD8+ T cells. Interestingly, the absence of both cytokines did not
impair initial CD8+ T cell generation but affected their survival and differentiation into memory phenotype IL-7Rahi cells.
Significantly lack of both cytokines severely affected expression of Bcl-2, an anti-apoptotic protein, but minimally affected
proliferation. The overarching role played by these cytokines in eliciting a potent CD8+ T cell immunity against T. gondii
infection is further evidenced by poor survival and high parasite burden in anti IL-7 treated IL-152/2 mice. These studies
demonstrate that the two cytokines, IL-7 and IL-15, are exclusively important for the development of protective CD8+ T cell
immune response against T. gondii. To the best of our knowledge this synergism between IL-7 and IL-15 in generating an
optimal CD8+ T cell immunity against intracellular parasite or any other infectious disease model has not been previously
reported.
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Introduction

Development of effective CD8+ T cell response is critical for the

control of various intracellular pathogens including, T. gondii, an

obligate intracellular parasite [1,2]. Although both CD4+ and

CD8+ T cell response is induced during acute T. gondii infection,

long-term protection against the parasite is primarily dependent

on CD8+ T cell subset [3]. Immune CD8+ T cells from T. gondii

infected host are important source of IFN-c, a cytokine which is

critical for survival against both acute as well as chronic phases of

infection [3]. Moreover, CD8+ T cells from T. gondii infected hosts

have the ability to exhibit in vitro cytotoxic activity against

parasite-infected targets [4]. The cytotoxic function of these

antigen-specific CD8+ T cells has been reported to play an

important role in keeping chronic infection under control [5].

Depletion of either IFN-c or CD8+ T cells abrogates protective

immunity against T. gondii infection leading to morbidity or

mortality of infected host.

Although importance of CD8+ T cell immunity against T. gondii

infection is well established, the cytokines precisely involved in

generating this response have not been well demonstrated.

Previous studies from our laboratory have reported that exogenous

treatment of infected mice with IL-7 augments CD8+ T cell

response against T. gondii resulting in their ability to survive lethal

infection [6]. In subsequent studies we reported that neutralization

of endogenous IL-15 compromises memory CD8+ T cell response

in the T. gondii infected animals which lose their ability to survive

re-challenge [6,7]. IL-7, IL-15 and IL-2 are members of the c-

chain family of cytokines that have been implicated in the process

of memory CD8+ T cell generation [2,8,9]. While IL-7 plays an

important role in providing survival signals to naı̈ve and memory

CD8+ T cells, IL-15 is believed to be crucial for driving basal

proliferation of memory CD8+ T cells [10]. Although the role of

IL-15 in memory CD8+ T cell development during Toxoplasma

infection has been addressed, its importance in the induction of

CD8+ T cell response during acute phase has not been evaluated

[7,11,12]. Similarly while a previous study from our laboratory

using exogenous IL-7 treatment showed increased CTL response

in T. gondii infected mice, importance of endogenous cytokine in

eliciting this response has not been well studied [6]. Moreover, the

roles of both IL-7 and IL-15 in the induction of primary CD8+ T

cell response has not been evaluated in models of primary
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infection. A study by Chang et al which demonstrates that effector

and memory T cell lineage imprinting can occur as early as the

first cell division underscores the need for understanding the

determinants of CD8+ T response during the early phase of the

response [13]. In the present study we assayed the development of

primary CD8+ T cell immunity against T. gondii infection in IL-15

deficient mice that are depleted of IL-7. We demonstrate that

while lack of IL-7 or IL-15 alone had minimal effect on CD8+ T

cell immunity, the absence of both cytokines severely impacted this

response against the pathogen.

Materials and Methods

Mice, infections and antibody treatment
Animal studies were carried out in agreement with Institutional

Animal Care and Use Committee approved guidelines at George

Washington University Medical Center. 6 to 8 week old female IL-

152/2 mice (Taconic Farms) and C57BL/6 mice (NCI) were

infected per-orally with 10 cysts of ME49 strain (Figure. 1–6) of T.

gondii. CD8+ T cell responses were evaluated at day 14 post-

infection (p.i.). Anti IL-7 antibody (M25) was a kind gift from

Amgen. The antibody was injected into wild-type or IL-152/2 i.p.

(intraperitoneally) at 0.5 mg per mouse at 3-day intervals. The

treatment was initiated one day before infection and continued till

termination of experiment. Control mice were injected with equal

volume of saline. For some experiments, IL-152/2 and anti IL-7

treated IL-152/2 animals were infected i.p. with 16106 cps1-1

parasites (Figure. 7) and CD8+ T cell responses were evaluated at

day 14 p.i..

Toxoplasma Lysate Antigen (TLA) preparation
TLA was extracted from RH strain of parasite and preparation

was made as previously described [14].

Lymphocyte isolation, cell surface staining and
intracellular staining

Lymphocytes were isolated from spleen or liver as reported

earlier [11]. Antibodies for detection of IL-7Ra (CD127; A7R34),

CD8b (H35-17.2), CD44 (IM7), IL-2 (JES6-5H4), Eomesodermin

(Eomes; 21Mags8), NK1.1 (PK136) and IFN-c (XMG1.2) were

purchased from eBioscience. Antibodies against CD3 (145-2C11),

Ki-67 (B56), Bcl-2 (3F11), IL-12p40 (C15.6), IL-12Rb1 (114) and

IL-12Rb2 (HAM10B9) were purchased from BD Biosciences.

Antibody for T-bet (4B10) detection was purchased from Santa

Cruz Biotechnology. For cytokine detection, restimulation was

carried out for 12 h with 30 mg/ml of Toxoplasma lysate antigen

(TLA) in supplemented DMEM at 37u C in 5% CO2. 1 ml/ml of

monensin (BD Biosciences) was added during the final 8 h of

stimulation. This was followed by surface staining and then

intracellular staining as described before [7]. IL-12 detection was

similarly performed but without exogenous TLA stimulation. For

IFNc detection by anti CD3 stimulation, splenocytes were plated

on anti CD3 (BD Biosciences) coated plates for 4 h with 0.65 ml/

ml brefeldin A (BD Biosciences) and 0.65 ml/ml monensin (BD

Biosciences) and staining was performed as above. Cell fluores-

cence was measured with a FACSCalibur (BD Biosciences)

cytometer and data was analyzed using FlowJo (TreeStar, Inc.)

software. Numbers in histograms or dot plots indicate percentage

unless otherwise mentioned. MFI denotes Mean Fluorescence

Intensity.

BrdU injection and staining
BrdU (BD Biosciences) was injected at 1 mg/mouse i.p. once

daily between day 2 and day 5 p.i.. Splenocytes were analyzed for

BrdU incorporation at day 6 and day 14 p.i.. Surface staining was

followed by intracellular staining. The latter was performed using

FITC BrdU Flow Kit (BD Biosciences) as per manufacturer’s

protocol. For cytokine detection restimulation was performed

using a modified protocol. Restimulation was carried out for 15 h

with 30 mg/ml of Toxoplasma lysate antigen (TLA) in supple-

mented DMEM at 37u C in 5% CO2. 0.65 ml/ml of brefeldin A

(BD Biosciences) and 0.65 ml/ml monensin (BD Biosciences) was

added during the final 9 h of stimulation.

Quantification of Parasite Load
Quantification of parasite load in spleen, lung, gut and liver was

performed at day 14 p.i. as described earlier [11]. DNA was

isolated from tissues with the Qiamp tissue kit (QIAGEN,

Valencia, CA) according to the manufacturer’s instructions.

Parasite DNA was amplified with primers specific for a 35-fold

repetitive sequence of the B1 gene (59-TCTTTAAAG-

CGTTCGTGGTC-39 and 59-GGAACTGCATCCGTTCAT-

GAG-39), which is found in all known parasite strains [15]. A

134-bp competitive internal standard containing the same primer

template sequences as the 194-bp B1 PCR fragment was

synthesized, and amplified along with parasite DNA. Amplifica-

tion was performed using a 50 ml reaction mixture containing

1.24 U Amplitaq DNA polymerase, 1X PCR buffer (Promega,

Madison, WI), 0.2 mM each of dGTP, dATP, dTTP, and dCTP,

and 0.4 mM of each B1 primer. For each reaction, a known

amount of DNA from the tissues was amplified with varying

amounts of the internal standard. The levels of parasite load were

estimated by comparison to the internal controls.

Cytotoxic T lymphocyte (CTL) assay
CTL assay was performed as previously described [6]. Briefly

CD8+ T cells stimulated TLA were incubated with infected 51Cr

labeled macrophages at various effector-target ratio in 96 well U-

bottomed plates. After 4 hr incubation the supernatants were

measured for radioactive release and percentage of cytotoxic

response calculated.

Statistical analysis
Differences in percentage, absolute number, MFI and parasite

burden were evaluated using Student’s t test with P,.05 taken as

statistically significant. Error bars in graphs represent standard

deviation of values of individual mice in the group from one

experiment. Comparison of survival curves was performed using

Log-rank (Mantel-Cox) Test. For statistical analysis of CTL data,

2-way ANOVA was used. All computations were performed using

GraphPad Prism Software.

Results

Anti IL-7 treated KO mice fail to mount a potent splenic
CD8+ T cell response

To determine the role of IL-7 and IL-15 in the induction of

primary CD8+ T cell response against T. gondii infection, anti IL-7

antibody was administered to WT and IL-152/2 mice infected

with T. gondii. Since a previous study has demonstrated

significantly increased CD44 on T cells as early as 1 week post

parasite challenge [16], T cell activation in these animals was

evaluated by measuring the surface expression of this molecule.

While naı̈ve wild-type (WT) mice had a higher percentage of

CD44int/hi CD8+ T cells than uninfected IL-15 knock-out (KO)

mice, we did not observe significant differences in CD44int/hi

frequency between infected WT and KO mice. Since IL-7 is

considered to be important for prolonged survival of naı̈ve CD8+

CD8 Response Development
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T cells, neutralization of this cytokine in WT mice could possibly

lead to defective CD8+ T cell activation in these animals [17].

Interestingly, as shown in Figure. 1A, anti IL-7 antibody treatment

of WT mice did not result in attenuation of CD8+ T cell response

against T. gondii. This is consistent with similar findings reported

by Ku et al in a non-infectious disease model where treatment of

Figure 1. Impaired CD8+ T cell response in anti IL-7 treated KO mice. Splenocytes were harvested from WT, KO, anti IL-7 treated WT and anti
IL-7 treated KO mice at day 14 p.i. A, Percentage of CD44int/hi cells in the CD8+ T cell population depicted as bar graph was enumerated by surface
staining the splenocytes for CD8b and CD44. B–C, For IFNc production, cells were stimulated in vitro with TLA and after overnight incubation stained
for CD8b, CD44 and IFN-c as described in Materials and Methods. Data are presented as absolute number of IFN-c producing CD8+ T cells (B) or as
frequency of CD8+CD44int/hi cells expressing IFN-c (C). C, The CD44 vs. IFN-c plot in the top panel is gated on CD8+ T cells. D–E, For evaluation of
cycling CD8+ T cells, splenocytes were stained for CD8b, CD44, and Ki-67. Data are presented as absolute number of CD8+Ki-67+ T cells (D) or as
histograms gated on CD8+CD44int/hi T cells (E). F, CTL assay was performed with purified splenic CD8+ T cells cultured in presence of TLA and
irradiated feeder cells. Following incubation with 51Cr labeled infected targets at various E:T ratios, radioisotope release was assayed. The data
depicted here represents at least 2 experiments with 3–4 mice per group.
doi:10.1371/journal.pone.0010842.g001
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WT recipient animals with anti IL-7 in combination with anti-

IL7Ra had no clear effect on adoptively transferred CD8+ T cells

[18]. This suggests that absence of IL-15 or IL-7 alone does not

affect CD8+ T cell activation during acute Toxoplasmosis.

However, IL-7 blockade in KO mice attenuated CD44 up-

regulation on CD8+ T cells (Figure 1A), implying that absence of

both the cytokines affects their activation.

As previous studies including those from our laboratory have

demonstrated that IFN-c producing CD8+ T cells play a crucial

role in maintaining long-term immunity against T. gondii [4,19],

we determined if presence of both IL-7 and IL-15 are needed for

optimal induction of this subset in response to antigenic

stimulation. As shown in Figure 1B, while reduced number of

CD8+IFNc+ T cells was observed in IL-15 deficient mice, IL-7

depleted WT mice did not exhibit a defect in the generation of this

population. Interestingly, anti IL-7 treated KO mice exhibited a

nearly 80% decrease in absolute number of CD8+IFNc+ T cells

vis-à-vis untreated controls (Figure 1B). However, the reduced

number of CD8+IFNc+ T cells could be a downstream

consequence of lower number of activated CD8+ T cells. To

address this possibility we measured IFN-c expression in

CD8+CD44int/hi population in the infected animals. As shown in

Figure 1C (top panel), majority of the IFN-c producing CD8+ T

cells were present in the CD44int/hi subset. In agreement with our

results in Figure 1B, IL-7 blockade in IL-15 KO mice reduced the

frequency of IFN-c expressing cells in the CD44int/hi subset

(Figure 1C). In contrast to our data in Figure 1B, IL-15 deficiency

alone did not down-regulate the frequency of IFN-c producing

CD8+ T cells (Figure 1C). This apparent discrepancy can be

explained by the fact that IL-15 is needed for the survival of both

memory and naı̈ve CD8+ T cells and absence of this cytokine, can

affect the survival of both these subsets [20]. This is further

supported by another study, in which continuous treatment of

thymectomized mice with anti IL-7R antibody led to only minor

reduction in naı̈ve CD8+ T cells, suggesting that factors other than

IL-7 can support the survival of these cells [21].

As role of IL-7 and IL-15 alone in mediating CD8+ T cell

proliferation has been recently demonstrated in non infectious

disease models [22,23], next, we determined if reduced CD8+ T

cell response in anti IL-7 treated KO mice infected with T. gondii is

due to defect in their proliferative ability. To address this issue,

absolute number of CD8+ T cells in the splenic population was

measured by intracellular staining. Ki-67, a protein expressed in

non-G0 phases of cell cycle has been shown to be essential for cell

Figure 2. Simultaneous deficiency of IL-7 and IL-15 results in poor development of IL-7RahiBcl-2+CD8+ T cells. WT, KO, anti IL-7 treated
WT and anti IL-7 treated KO mice were sacrificed at day 14 p.i. A–D, Splenocytes were surface stained for CD8b, CD44 and CD127, followed by
intracellular staining for Bcl-2. A, Bcl-2 MFI of CD8+CD44int/hi T cells is shown as bar graph. B–D, Data of activated CD8+ T cell subsets are presented as
Bcl-2 vs. CD127 density-contour plot (B) or as bar graphs of Bcl-2 MFI of CD8+CD44int/hiCD127hi T cells (C) or CD8+CD44int/hiCD127hiBcl-2+ (D). The
experiment was performed at least twice with similar results. The data is representative of one experiment with 4 mice per group.
doi:10.1371/journal.pone.0010842.g002
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cycle progression [24]. As shown in Figure 1D, KO mice infected

with parasite exhibited a significant decrease in the absolute

number of actively cycling splenic CD8+ T cells that was severely

exacerbated by anti IL-7 antibody treatment of these mice. To

further investigate the proliferation of activated CD8+ T cells, we

assessed the percentage of CD8+Ki-67+ T cells by gating on

CD8+CD44int/hi population. Similar to the observations made in

Figure 1C, absence of IL-15 alone did not significantly alter the

percentage of CD8+CD44int/hi Ki-67+ T cells (Figure 1E). In

agreement with observations made above, IL-7 depletion of KO

mice led to substantial decrease in cycling CD8+CD44int/hi T cells.

Conversely, anti IL-7 treatment of WT mice failed to make any

significant changes in this subset of CD8+ T cells (Figure 1E).

Apart from IFN-c production, another critical effector function of

CD8+ T cells is their ability to lyse infected target cells [25].

Cytotoxic function of immune CD8+ T cells generated in response

to T. gondii infection has been well demonstrated by studies

conducted by our group and other laboratories [6,25,26]. To

determine the effect of IL-7/IL-15 on the development of CTL

response against T. gondii, infected WT and KO animals were

treated anti IL-7 antibody. As expected, purified CD8+ T cells from

saline treated WT mice exhibited a strong CTL activity, which was

unaltered by anti IL-7 treatment of these animals (Figure 1F).

Similarly, normal CTL activity in response to T. gondii infection was

observed in KO mice. However, administration of anti IL-7 to the

KO animals severely reduced their CTL response (Figure 1F)

further emphasizing that the absence of both IL-7 and IL-15 can

cause a severe impediment in the development of antigen-specific

CD8+ T cell immunity against Toxoplasma infection.

Splenic CD8+ T cells from anti IL-7 antibody treated KO
mice exhibit sub-optimal Bcl-2 up-regulation

Development of a potent CD8+ T cell response involves an

appropriate balance between cell survival, apoptosis and prolifer-

ation [27,28,29,30]. One of the most widely studied regulators of

cell survival is Bcl-2, an anti-apoptotic molecule [27]. Over-

expression of Bcl-2 has been shown to prevent apoptosis by

blocking the release of cytochrome c from mitochondria [31].

Previous studies using Bcl-22/2 mice have clearly demonstrated

the critical role played by this molecule in peripheral T cell

maintenance [32]. As expression of Bcl-2 and IL-7R has been

associated with long-lived CD8+ T cell development, we studied

expression of these two molecules on CD8+ T cells of T. gondii

infected mice [33]. Activated CD8+CD44int/hi T cell population

from infected animals was assayed for Bcl-2 by intracellular

staining. As shown in Figure 2A, irrespective of anti IL-7

treatment, similar levels of Bcl-2 expression on the CD8+

CD44int/hi T cells of WT mice was observed. However, KO mice

exhibited a modest reduction in the levels of this molecule, which

was severely down-regulated in anti IL-7 antibody treated KO

mice (Figure 2A).

Recent studies have demonstrated that memory precursor

effector cells exhibit high levels of Bcl-2 and can be identified by

IL-7Rahi (CD127) expression [33]. In the T. gondii model, since

preferential CD127 expression has been shown to be a hallmark of

memory precursor CD8+ T cells i.e. effector CD8+ T cells that are

destined to become memory CD8+ T cells [25], lower Bcl-2

expression in anti IL-7 treated KO mice could be due to decreased

frequency of CD127hi cells in these animals. To address this

possibility we performed a 4-color FACS analysis and examined

the CD8+CD44int/hi subset for Bcl-2 and CD127 expression.

While we observed a similar percentage of CD44int/hi cells

expressing CD127 in WT animals treated with or without

antibody, (Figure 2B), anti IL-7 treatment of KO animals showed

Figure 3. Lack of IL-7 and IL-15 results in suboptimal expansion
of BrdU labeled CD8+ T cells. A, KO mice treated with anti IL-7 or
saline were injected with BrdU i.p. daily between day 2 and day 5 p.i.
Splenocytes were harvested at day 6 and day 14 p.i. and analyzed for
BrdU labeled CD8+ T cells as stated in Materials and Methods. b–c, Data
are presented as absolute number (B) or percentage (C) of BrdU labeled
of CD8+ T cells. The data depicted represents one of two experiments
with similar results. Each group in the experiment had at least 3 mice.
doi:10.1371/journal.pone.0010842.g003
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a modest decrease in CD127 expressing cells in comparison to

other groups. As shown in Figure 2B, in all the experimental

groups, majority of Bcl-2 expressing cells belonged to the CD127hi

population. Moreover, while moderate reduction in percentage of

Bcl-2+ cells within CD127hi population of KO mice was noted,

anti IL-7 treatment further down-regulated this response

(Figure 2B). Conversely, IL-7 depletion of WT animals did not

significantly alter the frequency of CD127hi cells expressing Bcl-2.

Since majority of Bcl-2+ cells co-expressed high levels of CD127,

we wanted to evaluate if the patterns of Bcl-2 expression levels in

CD127hi subset were similar to CD44int/hi cells. In agreement with

observations made in Figure 2A and 2B, lack of IL-15 or IL-7

resulted in moderate or no reduction in Bcl-2 levels respectively

(Figure 2C). However, IL-7 depletion in KO mice caused a

significant decrease of Bcl-2 MFI in CD8+CD44int/hi CD127hi T

cells. Next we evaluated the differences in the expression of Bcl-2

molecule within CD127hiBcl-2+ population of WT and KO

animals treated with or without antibody. As shown in Figure 2D,

lack of either IL-15 or IL-7 did not affect Bcl-2 up-regulation in

CD8+CD44int/hiCD127hiBcl-2+ T cells, while absence of both

cytokines severely down-regulated the expression of this molecule

in this subset. Combined, our data suggests that in absence of both

IL-7 and IL-15 development of CD8+CD127hiBcl2+ T cell subset

is severely compromised.

Lack of both IL-7 and IL-15 results in suboptimal
expansion of BrdU labeled splenic CD8+ T cells in T.
gondii infected animals

Since Bcl-2 has been shown to be critical for peripheral CD8+ T

cell survival, reduced effector functions of CD8+CD44int/hi cell in

anti IL-7 treated KO mice could be due to decreased survival of

these cells. To address this issue, we adopted a BrdU ‘‘pulse-

chase’’ approach that would permit enrichment of antigen-specific

cells in the BrdU labeled subset. This strategy would allow us to

study maturation, effector functions and survival of antigen-

specific CD8+ T cells. Antibody treated and untreated KO mice

were injected with BrdU for 4 days, then subsequently CD8+ T

cells response in the BrdU labeled population was measured at day

6 and 14 p.i. (Figure 3A). As shown in Figure 3B and Figure 3C,

anti IL-7 treatment of the knock out animals did not have an effect

on absolute number or frequency of BrdU+ CD8+ T cells at day 6

p.i. However, at day 14 p.i., continued blockade with anti IL-7

dramatically reduced both the absolute number and frequency of

these cells. Interestingly, BrdU+ CD8+ T cell response in the

antibody treated group at day 14 p.i. was also significantly lower

than that at day 6 p.i.. This data suggests that continued absence

of both IL-7 and IL-15 leads to sub-optimal CD8+ T cell response

in T. gondii infected animals.

Blockade of IL-7 in KO mice does not severely impair
maturation or IFN-c production or cell cycling of BrdU+

CD8+ T cells
Next, we wanted to address if reduced CD8+ T cell response

observed in bulk population (Figure 1) was also evident in the

Figure 4. BrdU labeled CD8+ T cells in IL-7 depleted KO mice
show unimpaired response. Splenocytes from BrdU injected anti IL-
7 or saline treated mice KO were harvested at day 6 and day 14 p.i.
Surface and intracellular staining was performed as described in
Materials and Methods. a–c, Data are presented as histograms depicting
the percentage of CD44hi (A), IFN-c (B) and Ki-67 (C) expression in BrdU+

and BrdU2 CD8+ T cells. A–C, The data shown here is representative of
one of two similar experiments with 3–4 mice per group.
doi:10.1371/journal.pone.0010842.g004
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BrdU labeled cells. As shown in Figure 4A at day 6 p.i., 51–55% of

BrdU+ CD8+ T cells in both antibody treated and untreated KO

animals expressed high levels of CD44. Similarly, no difference in

the expression of this activation marker in the BrdU labeled subset

of anti IL-7 antibody and untreated animals was observed at day

14 p.i. (Figure 4A), suggesting that absence of IL-7 in KO mice

does not inhibit CD8+ T cell maturation. As in vitro addition of IL-

7 to human T cells has been shown to up-regulate IFN-c
expression in a dose dependent manner [34], next we determined

if neutralization of IL-7 affects the IFN-c production of BrdU

labeled CD8+ T cells. As shown in Figure 4B, irrespective of IL-7

depletion, 30–34% of BrdU+ CD8+ T cells expressed IFN-c at day

6 p.i. and this percentage increased to 61–66% at day 14 p.i..

Since a recent study in LCMV model has shown that IL-7 has a

role in CD8+ T cell proliferation, we examined whether a reduced

frequency of BrdU labeled CD8+ T cells in the cytokine depleted

animals at day 14 p.i. could be attributed to reduced expansion of

these cells [35]. To determine if this is the case, Ki-67 expression

was measured by flow cytometry. As shown in Figure 4C, while

anti IL-7 treatment had no significant effect on cell cycling at day

6 p.i., moderate reduction in this group was observed at day 14 p.i.

These results suggest that attenuated proliferation as a result of IL-

7 depletion in KO mice plays a minor role in severely diminished

frequency of BrdU+ CD8+ T in Toxoplasma infected animals.

Blockade of IL-7 in KO mice down-regulates Bcl-2 and IL-
7Ra up-regulation of BrdU+ CD8+ T cells

To determine if lower Bcl-2 levels observed in the activated

phenotype (CD44int/hi) CD8+ T cells from anti IL-7 treated KO

mice (Figure 2) is due to reduced frequency of antigen-specific cells

in these animals, BrdU labeled cells were assayed for Bcl-2 and

CD127, hallmarks of effector cells destined to be long-lived

memory cells [33]. As shown in Figure 5A, IL-7 depletion at day 6

p.i. did not make a significant difference in the percentage or

Figure 5. Bcl-2 and IL-7Ra are downregulated in BrdU+CD8+ T cells from IL-7 depleted KO mice. Splenocytes from BrdU injected antibody
or saline treated KO mice were harvested at day 6 and day 14 p.i. The cells were stained for CD8b, CD127, Bcl-2 and BrdU as described in Materials and
Methods. A, The Bcl-2 vs. CD127 density-contour plots depicted on the top panel are gated on CD8+Brdu+ T cells (top left panel) and CD8+BrdU2 T cells
(top right panel). B–D, Bcl-2 MFI of CD8+BrdU+ T cells (B), CD8+BrdU+CD127hiBcl2+ T cells (C) and CD8+BrdU+CD127hiBcl2hi T cells (D) are presented as
bar graphs in the lower panel. The experiment was performed twice with similar results. The data is representative of one of two similar experiments
with 3–4 mice per group.
doi:10.1371/journal.pone.0010842.g005
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expression of CD127 or Bcl-2 within BrdU+CD8+ T cell

population. Concomitant with a decrease in the percentage of

CD127hiCD8+ T cells, antibody blockade at day 14 p.i. caused a

reduction in Bcl-2 MFI in BrdU+CD8+ T cells and BrdU+CD127-
hiCD8+ T cells (Figure 5A–C). Interestingly, we found that

depletion of IL-7 in the KO mice led to a profound down-

regulation in the development of CD127hiBcl-2hi cells within

BrdU+ population (Figure 5A), and reduction of Bcl-2 expression

within these cells was even more pronounced in the Bcl-2hi subset

(Figure 5D). Conversely, 3 fold higher percentage of CD127hiBcl-

2hi population was observed in untreated control animals

(Figure 5A) and increase of Bcl-2 levels within these cells from

these animals over time correlated with an increase in CD127

expression (MFI of 218–232 to 356–367) (Figure 5A). In contrast,

anti IL-7 treatment of KO mice led to minimal increase in CD127

MFI in the above subset and expression of this molecule merely

rose from a MFI of 210–236 at day 6 p.i. to a MFI of 251–260 at

the later time point (Figure 5A). These observations demonstrate

that while lack of IL-7 or IL-15 alone has little impact on IL-7Ra
and Bcl-2 up-regulation within CD8+ T cell population during

acute Toxoplasmosis, absence of both IL-7 and IL-15 leads to

defective expression of these molecules.

In absence of IL-7, KO mice fail to control T. gondii
infection

As mentioned earlier the role of CD8+ T cells in immuno-

protection against T. gondii infection is well documented [1,3,19].

Since depletion of IL-7 in KO mice generated poor CD8+ T cell

response against T. gondii infection, next we determined, if

deficiency of both these cytokines reduced the host survival

against the parasite. One day prior to infection WT and KO

animals were administered anti IL-7 antibody or equal volume of

saline via i.p. route. The treatment was subsequently continued at

3-day intervals until the termination of experiment. As shown in

Figure 6A, while 20% and 50% mortality was noted in control KO

mice and anti IL-7 treated WT mice respectively, all the animals

treated with anti IL-7 antibody succumbed to infection by day 26

p.i..

To confirm that high mortality observed in anti IL-7 treated

KO mice is due to their compromised capacity to clear parasites,

tissues (gut, spleen, liver and lung) from these animals were

analyzed for parasite load by quantitative PCR at day 14 p.i. [36].

As shown in Figure 6B, anti IL-7 treatment of KO mice severely

reduced their ability to clear infection as maximal parasite burden

was observed in the tissues of these animals. This data suggests

absence of both IL-7 and IL-15 severely impairs host resistance to

T. gondii by diminishing parasite clearance.

In absence of IL-7, IL-152/2 mice infected with replication
incompetent T. gondii parasites show attenuated CD8+ T
cell response

A recent study using two photon laser microscopy has

demonstrated that memory T cells can be infected by T. gondii

by direct transfer of parasites from neighboring cells [37].

Considering the high parasite burden observed in IL-7 depleted

KO mice, poor CD8+ T cell response in these animals might be a

direct consequence of parasitized CD8+ T cells. In order to

circumvent this issue, we used cps1-1 parasites, a replication

incompetent strain of T. gondii, which are deficient for de novo

pyrimidine biosynthesis [38]. Using a similar IL-7 blocking

regimen, KO mice were infected with 16106 cps1-1 parasites

via i.p. route. At day 14 p.i. both antibody treated and untreated

controls were sacrificed and spleens assayed for CD8+ T cell

response. As shown in Figure 7A, IL-7 depletion of naı̈ve mice did

not produce any change in absolute number of CD8+CD44int/hi T

cells. Similar observations were made even with 3 fold higher doses

of the blocking antibody, suggesting that unaffected CD8+ T cell

development in anti IL-7 treated naı̈ve mice was not due to

incomplete IL-7 depletion (data not shown). However, similar to

observations made with replication competent parasites, antibody

treatment of cps1-1 infected KO mice severely attenuated the

CD8+CD44int/hi T cell response in these animals (Figure 7A).

Figure 6. IL-7 depleted KO mice rapidly succumb to oral Toxoplasma infection. WT and KO mice treated with anti IL-7 antibody or saline
were infected per-orally with 10 cysts of T. gondii. A, Survival was monitored on a daily basis and statistical significance was calculated by Mantel-Cox
Test. B, Parasite burden was measured in liver, lung, spleen and gut by quantitative PCR at day14 post-infection. Differential parasite burden in each
tissue is statistically significant. The experiment was repeated twice with similar results and the data depicted is representative of one of two
experiments with 4–6 mice per group.
doi:10.1371/journal.pone.0010842.g006

CD8 Response Development

PLoS ONE | www.plosone.org 8 May 2010 | Volume 5 | Issue 5 | e10842



Moreover IFN-c production by CD8+ T cells upon both anti CD3

(Figure 7B) or TLA (data not shown) stimulation in cps1-1 infected

mice was also diminished as a result of anti IL-7 treatment.

However even with polyclonal anti CD3 stimulation no significant

difference in percentage of IFN-c producing CD8+ T cells between

naive KO mice treated with or without antibody was observed

(Figure 7B). Overall, the extent of attenuation of CD8+ IFN-c+ T

cell response due to IL-7 depletion exhibited similar trends in both

cps1-1 and ME49 infected KO mice, suggesting that high parasite

burden in ME49 infected antibody treated KO mouse does not

significantly contribute to the decreased CD8+ T cell response in

these animals. Significantly, considering the utility of cps1-1 as a

live attenuated vaccine, it makes our current findings particularly

relevant for improving vaccination regimens against Toxoplasma.

Discussion

The results presented in the current studies demonstrate that

both IL-7 and IL-15 play an important role in the induction of

primary CD8+ T cell response against T. gondii infection. An

earlier report from our laboratory has pointed towards the

importance of exogenous IL-7 treatment in the generation of

primary CTL vivo, however the extent of involvement of

endogenous levels of this cytokine was not described [6]. Although,

the role of related cc cytokine IL-15, in the generation and

maintenance of long-term CD8+ T cell immunity against T. gondii

is well established by several studies conducted in our laboratory,

importance of this cytokine in the initiation of primary CD8+ T

cell response has not been studied [7,11,12]. In the present study

we demonstrate that while lack of IL-15 or IL-7 alone has minimal

or no impact on CD8+ T cell development, the absence of both

cytokines severely impairs this response.

In the present study we demonstrate that depletion of IL-7 alone

did not impede the induction of primary CD8+ T cell response in

the WT animals. Similarly, lack of IL-15 did not cause significant

deficits in CD8+ T cell maturation, IFN-c production, prolifera-

tion and cytolytic function of infected animals. However, the

major defect caused by lack of IL-15 lay in the attenuated number

of CD8+ T cells generated in KO mice in response Toxoplasma

challenge. In agreement with observations by Schluns et al in VSV

model, our findings strongly suggest that IL-15 is essential for

regulating CD8+ T cell burst size during acute Toxoplasmosis,

while its role in acquisition of effector functions is minimal [9].

Interestingly, depletion of IL-7 in KO mice had a profound effect

on the generation of a potent CD8+ T cell response in these

animals. This is manifested by their attenuated maturation and

inability of these cells to produce optimal IFN-c or proliferate or

lyse parasite infected target cells. Based on these observations it

appears that IL-7 and IL-15 together, are the key mediators of

maturation and effector function development of CD8+ T cells

during acute T. gondii infection.

Apart from functionality and maturation, Bcl-2 mediated CD8+

T cell survival is one of the critical determinants of optimal

response against a pathogen. Several studies have established the

important roles played by IL-7 and IL-15 respectively in mediating

Bcl-2 up-regulation in lymphocytes [39,40]. However the effect of

both these cytokines on Bcl-2 and IL-7Ra expression in CD8+ T

cells during acute phase of infection remains understudied. In the

present study we demonstrate that IL-7 depletion alone had no

effect on Bcl-2 up-regulation which is consistent with earlier

studies conducted with Vesicular Stomatitis Virus (VSV) model of

infection [41]. Further, our data suggests that absence of IL-15

alone may play a minor role in committing CD8+CD44int/hi

CD127hi T cells to express Bcl-2 during the acute phase of

infection. This is the first report that demonstrates in an infectious

disease model that lack of both IL-7 and IL-15 not only down-

regulates the development of CD127hi subset, but also reduces the

frequency of CD127hi cells expressing Bcl-2. Moreover, it has been

recently shown that IL-15 down-regulates pro-apoptotic Bax, an

intermediate in TRAIL mediated apoptosis pathway, and

increases anti-apoptotic molecules in CD8+ T cells [42,43]. Hence

it is possible that in absence of both IL-7 and IL-15, lower Bcl-2

levels may be secondary to increased TRAIL mediated signaling in

these animals.

Figure 7. Cps vaccination elicits a sub-optimal CD8+ T cells
response in IL-7 depleted KO mice. Splenocytes were harvested from
KO and anti IL-7 treated KO mice infected with 16106 parasites of cps1-
1 at day 14 p.i. A, Absolute number of CD8+CD44int/hi T cells present in
untreated or antibody treated infected or naı̈ve KO mice is shown in the
top panel. B, For evaluation of cytokine response splenocytes were
stimulated in anti CD3 coated plates and then stained for CD8b, CD44
and IFN-c as described in Materials and Methods. The experiment was
repeated twice with similar results and the data depicted is
representative of one of two experiments with 3–4 mice per group.
doi:10.1371/journal.pone.0010842.g007
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A caveat of conclusions gleaned from analysis of activated

phenotype CD8+ T cells is that in anti IL-7 treated KO mice only

21–24% of these cells produce IFN-c in an antigen-specific

manner. Hence observations made regarding Bcl-2 or CD127

expression in activated phenotype CD8+ T cells in the above

animals may not be as relevant to T. gondii specific response.

Moreover, the observed differences in activated CD8+ T cell

response as a result of IL-7 depletion in KO mice could be the

result of decreased antigen-specific CD8+ T cells due to potentially

reduced naı̈ve CD8+ T cell survival in the these animals. As stated

earlier, importance of IL-7 in naı̈ve T cells survival has been

documented [44]. Although we did not observe significant

difference in absolute number or frequency of CD8+ T cells (data

not shown) or CD8+CD44int/hi T cells as a result of anti IL-7

treatment in uninfected KO mice after 2 weeks of antibody

treatment, the possibility of altered survival of naı̈ve T cells in

infected mice cannot be entirely ruled out. To circumvent this

issue, we utilized a BrdU pulse-chase approach that would enable

us to track endogenous CD8+ T cells highly enriched for T. gondii

specific cells. Although it is possible for non-specific HP

(homeostatic proliferation) memory CD8+ T cells to incorporate

BrdU, a recent study has shown that true memory or antigen

experienced memory phenotype CD8+ T cells are 8 times more

efficient at expanding than HP memory T cells [45]. Our results

demonstrate that IL-7 depletion in KO mice does not affect CD8+

T cell priming as evident by similar BrdU labeled CD8+ T cell

response at day 6 p.i. However, lack of this cytokine prevents

optimal survival of these cells at a later time point. Interestingly,

absence of both IL-7 and IL-15 does not adversely affect CD44

expression, IFN-c production or cell cycling at either day 6 or day

14 p.i. suggesting that reduced effector function and maturation

are primarily consequences of poor survival of antigen-specific

CD8+ T cells in these mice. This was suggested by the observation

that anti IL-7 treatment of KO mice led to decreased expression of

Bcl-2 and CD127 in the BrdU+ population. However, considering

the high pathogen burden in these mice, it needs to be investigated

in future studies whether one of the factors contributing to poor

development of memory CD8+ T cells in IL-7 depleted KO mice

is accelerated exhaustion of CD8+ T cells via PD-1-PDL-1

pathway [46,47].

Apart from CD8+ T cells, Natural Killer (NK) cells and CD4+ T

cell produce IFN-c, a critical mediator of resistance against T.

gondii [48]. However in T. gondii infection, NK cells have been

shown to have a minimal protective role even during the acute

phase of infection [49]. Paradoxically, despite normal splenic

CD8+ T cell response, anti IL-7 treated WT mice exhibited

elevated parasite load and mortality. This may be owing to

depressed CD8+ T (Figure S1) cell and NK (Figure S2) cell

response noted in liver in both anti IL-7 treated WT and KO

(more severe defects) mice. Based on a recent report from our

laboratory demonstrating that NK-dendritic cell cross-talk is

critical for optimal CD8+ T cell development [50], on-going

studies in our lab are addressing whether defective hepatic CD8+

T cell response is secondary to sub-optimal NK cell development

and why hepatic but not splenic NK cell response is IL-15

dependent.

Although in several infectious disease models including T. gondii,

primary CD8+ T cell response during acute infection phase has

been shown to be independent of CD4+ T cell help, the role of

CD4+ T cells themselves in partially mediating protection against

T. gondii cannot be discounted [51,52]. Nevertheless, we did not

observe any difference in CD4+ T cell response between untreated

and anti IL-7 injected KO mice at day 14 p.i. (data not shown).

Thus, the above data strongly suggests that poor survival and high

parasite burden in antibody treated KO mice are primarily

consequences of sub-optimal CD8+ T cell development in these

mice.

Since a previous study has demonstrated that IL-2 down-

regulates IL-7Ra expression on activated T cells, it is possible that

in the absence of IL-7 and IL-15, other cytokines may be involved

in down regulating CD8+ T cell response [53]. Unlike other

pathogens, T. gondii infection does not induce a potent IL-2

response even during the acute phase of infection [6,54,55,56].

Hence, it is not surprising that no significant difference in IL-2

producing cells was noted between untreated and antibody treated

KO mice (Figure S3). In addition to IL-7, IL-15 and IL-2, IL-12 is

another important cytokine known to regulate the development of

memory CD8+ T cell response. A recent study by Pearce et al has

demonstrated that high IL-12 levels induced during Listeria

monocytogenes infection down-regulates CD8+ memory T cell

differentiation [57]. However, in the present study administration

of anti IL-7 to KO mice did not alter their IL-12 production or the

expression IL-12Rb1 and IL-12Rb2 by CD8+ T cells (Figure S4).

Apart from IL-7 and IL-15, potential role of other cc family

members like IL-4 [58,59] and IL-21 [60] that have been

implicated in CD8 memory generation in other infectious disease

models, need to be considered in future investigations of memory

CD8+ T cell development during toxoplasmosis.

Recent study by Klonowski et al with VSV using IL-7 deficient

animals has shown that CD127 and Bcl-2 up-regulation are IL-7

independent [41]. However our observations demonstrate that in

absence of IL-15, endogenous IL-7 has a non-redundant role in

mediating Bcl-2 and CD127 up-regulation. Alternatively, it is

possible that in absence of both IL-7 and IL-15, higher

dependence on related cc family member, IL-21 may decrease

CD127 and Bcl-2 expression on CD8+ T cells [61]. Taken

together, our data suggests that IL-7 and IL-15 have overlapping

roles in mediating up-regulation of Bcl-2 and CD127 on antigen-

specific CD8+ T cells and that differential CD127 expression does

not impede CD44 expression or effector functions during acute

phase infection.

The findings presented in the current manuscript go a long way

in understanding synergistic effect of IL-7 and IL-15 in the

development of CD8+ T cell immunity against T. gondii infection.

However, the molecular mechanism regulating this synergism

remains to be further investigated. Preliminary studies from our

laboratory suggest that in absence of both of these cytokines there

is defective up-regulation of master transcriptional factors, T-bet

and Eomes in CD8+ T cells (Figure S5). This defect in T-bet up-

regulation is evident as early as day 6 p.i. (Figure S5). Significance

of this down-regulated T-bet and Eomes expression will have to

await further investigation. Nevertheless, the data presented in this

manuscript provide significant insights into the combined role of

IL-7 and IL-15 in the development of CD8+ T cell immunity

during acute Toxoplasma infection. Moreover, these findings have

important implications in understanding the use of IL-7 and IL-15

as adjuvant for therapeutic vaccination regimen against intracel-

lular pathogens where CD8+ T cells constitute a critical

component of protective immunity.

Supporting Information

Figure S1 Anti IL-7 treated WT or KO mice exhibit attenuated

hepatic CD8+ T cell response. A, Absolute number of CD8+ T

cells in liver was evaluated in antibody or saline treated WT and

KO mice at day 14 pi. The data is representative of one of 2

experiments with at least 3–4 mice per group.

Found at: doi:10.1371/journal.pone.0010842.s001 (0.61 MB EPS)
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Figure S2 Anti IL-7 treatment WT or KO mice results in

reduced hapatic NK cell response. A,B Asbolute number of NK

cells in spleen (A) and liver (B) was evaluated in antibody or saline

treated WT and KO mice. The data is representative of one of 2

experiments with at least 3–4 mice per group.

Found at: doi:10.1371/journal.pone.0010842.s002 (0.73 MB EPS)

Figure S3 Simultaneous deficiency of IL-7 and IL-15 does not

result in differential IL-2 production. A, Splenocytes from

antibody or saline treated KO mice were assessed for IL-2

production after overnight TLA stimulation. The data is

representative of one of 2 experiments with at least 3–4 mice

per group.

Found at: doi:10.1371/journal.pone.0010842.s003 (0.65 MB EPS)

Figure S4 Simultaneous deficiency of IL-7 and IL-15 does not

result in differential IL-12 production. A, Splenocytes from

antibody or saline treated WT and KO mice were assessed for

IL-12 production. B,C IL-12Rb1 (B) and IL-12Rb2 (C) expression

was evaluated on splenic CD8+ T cells by flow cytometry. The

data is representative of one of 2 experiments with at least 3–4

mice per group.

Found at: doi:10.1371/journal.pone.0010842.s004 (4.36 MB EPS)

Figure S5 T-bet and Eomes expression are downregulated in

BrdU+CD8+ T cells from IL-7 depleted KO mice. Splenocytes

from BrdU injected anti IL-7 or saline treated KO mice were

harvested at day 6 and day 14 p.i. A,B T-bet (A) and Eomes (B)

expression and frequency was evaluated in both BrdU+ and

BrdU2 CD8+ T cells by intracellular staining. Numbers within

brackets represent MFI. The data is representative of one of 2

experiments with at least 3–4 mice per group.

Found at: doi:10.1371/journal.pone.0010842.s005 (1.11 MB EPS)

Acknowledgments

We thank Amgen for providing us the anti IL-7 (M25) antibody and Teresa

Hawley of George Washington University Flow Cytometry Core Facility

for technical assistance.

Author Contributions

Conceived and designed the experiments: RB HG IAK. Performed the

experiments: RB HG. Analyzed the data: RB HG IAK. Wrote the paper:

RB IAK.

References

1. Khan IA, Ely KH, Kasper LH (1994) Antigen-specific CD8+ T cell clone

protects against acute Toxoplasma gondii infection in mice. J Immunol 152:

1856–1860.

2. Schluns KS, Lefrancois L (2003) Cytokine control of memory T-cell

development and survival. Nat Rev Immunol 3: 269–279.

3. Gazzinelli R, Xu Y, Hieny S, Cheever A, Sher A (1992) Simultaneous depletion

of CD4+ and CD8+ T lymphocytes is required to reactivate chronic infection

with Toxoplasma gondii. J Immunol 149: 175–180.

4. Hakim FT, Gazzinelli RT, Denkers E, Hieny S, Shearer GM, et al. (1991)

CD8+ T cells from mice vaccinated against Toxoplasma gondii are cytotoxic for

parasite-infected or antigen-pulsed host cells. J Immunol 147: 2310–2316.

5. Denkers EY, Yap G, Scharton-Kersten T, Charest H, Butcher BA, et al. (1997)

Perforin-mediated cytolysis plays a limited role in host resistance to Toxoplasma

gondii. J Immunol 159: 1903–1908.

6. Kasper LH, Matsuura T, Khan IA (1995) IL-7 stimulates protective immunity in

mice against the intracellular pathogen, Toxoplasma gondii. J Immunol 155:

4798–4804.

7. Combe CL, Moretto MM, Schwartzman JD, Gigley JP, Bzik DJ, et al. (2006)

Lack of IL-15 results in the suboptimal priming of CD4+ T cell response against

an intracellular parasite. Proc Natl Acad Sci U S A 103: 6635–6640.

8. Prlic M, Lefrancois L, Jameson SC (2002) Multiple choices: regulation of

memory CD8 T cell generation and homeostasis by interleukin (IL)-7 and IL-15.

J Exp Med 195: F49–52.

9. Schluns KS, Williams K, Ma A, Zheng XX, Lefrancois L (2002) Cutting edge:

requirement for IL-15 in the generation of primary and memory antigen-specific

CD8 T cells. J Immunol 168: 4827–4831.

10. Ma A, Koka R, Burkett P (2006) Diverse functions of IL-2, IL-15, and IL-7 in

lymphoid homeostasis. Annu Rev Immunol 24: 657–679.

11. Khan IA, Moretto M, Wei XQ, Williams M, Schwartzman JD, et al. (2002)

Treatment with soluble interleukin-15Ralpha exacerbates intracellular parasitic

infection by blocking the development of memory CD8+ T cell response. J Exp

Med 195: 1463–1470.

12. Khan IA, Casciotti L (1999) IL-15 prolongs the duration of CD8+ T cell-

mediated immunity in mice infected with a vaccine strain of Toxoplasma gondii.

J Immunol 163: 4503–4509.

13. Chang JT, Palanivel VR, Kinjyo I, Schambach F, Intlekofer AM, et al. (2007)

Asymmetric T lymphocyte division in the initiation of adaptive immune

responses. Science 315: 1687–1691.

14. Khan IA, Kasper LH (1996) IL-15 augments CD8+ T cell-mediated immunity

against Toxoplasma gondii infection in mice. J Immunol 157: 2103–2108.

15. Burg JL, Grover CM, Pouletty P, Boothroyd JC (1989) Direct and sensitive

detection of a pathogenic protozoan, Toxoplasma gondii, by polymerase chain

reaction. J Clin Microbiol 27: 1787–1792.

16. Blass SL, Pure E, Hunter CA (2001) A role for CD44 in the production of IFN-

gamma and immunopathology during infection with Toxoplasma gondii.

J Immunol 166: 5726–5732.

17. Tan JT, Ernst B, Kieper WC, LeRoy E, Sprent J, et al. (2002) Interleukin (IL)-15

and IL-7 jointly regulate homeostatic proliferation of memory phenotype CD8+
cells but are not required for memory phenotype CD4+ cells. J Exp Med 195:

1523–1532.

18. Ku CC, Murakami M, Sakamoto A, Kappler J, Marrack P (2000) Control of

homeostasis of CD8+ memory T cells by opposing cytokines. Science 288:

675–678.

19. Khan IA, Green WR, Kasper LH, Green KA, Schwartzman JD (1999) Immune

CD8(+) T cells prevent reactivation of Toxoplasma gondii infection in the

immunocompromised host. Infect Immun 67: 5869–5876.

20. Berard M, Brandt K, Bulfone-Paus S, Tough DF (2003) IL-15 promotes the

survival of naive and memory phenotype CD8+ T cells. J Immunol 170:

5018–5026.

21. Vivien L, Benoist C, Mathis D (2001) T lymphocytes need IL-7 but not IL-4 or

IL-6 to survive in vivo. Int Immunol 13: 763–768.

22. Li WQ, Jiang Q, Aleem E, Kaldis P, Khaled AR, et al. (2006) IL-7 promotes T

cell proliferation through destabilization of p27Kip1. J Exp Med 203: 573–582.

23. Bianchi T, Gasser S, Trumpp A, MacDonald HR (2006) c-Myc acts

downstream of IL-15 in the regulation of memory CD8 T-cell homeostasis.

Blood 107: 3992–3999.

24. Starborg M, Gell K, Brundell E, Hoog C (1996) The murine Ki-67 cell

proliferation antigen accumulates in the nucleolar and heterochromatic regions

of interphase cells and at the periphery of the mitotic chromosomes in a process

essential for cell cycle progression. J Cell Sci 109(Pt1): 143–153.

25. Wilson DC, Matthews S, Yap GS (2008) IL-12 signaling drives CD8+ T cell

IFN-gamma production and differentiation of KLRG1+ effector subpopulations

during Toxoplasma gondii Infection. J Immunol 180: 5935–5945.

26. Purner MB, Berens RL, Nash PB, van Linden A, Ross E, et al. (1996) CD4-

mediated and CD8-mediated cytotoxic and proliferative immune responses to

Toxoplasma gondii in seropositive humans. Infect Immun 64: 4330–4338.

27. Grayson JM, Zajac AJ, Altman JD, Ahmed R (2000) Cutting edge: increased

expression of Bcl-2 in antigen-specific memory CD8+ T cells. J Immunol 164:

3950–3954.

28. Murali-Krishna K, Lau LL, Sambhara S, Lemonnier F, Altman J, et al. (1999)

Persistence of memory CD8 T cells in MHC class I-deficient mice. Science 286:

1377–1381.

29. Tanchot C, Lemonnier FA, Perarnau B, Freitas AA, Rocha B (1997) Differential

requirements for survival and proliferation of CD8 naive or memory T cells.

Science 276: 2057–2062.

30. Tough DF, Sprent J (1994) Turnover of naive- and memory-phenotype T cells.

J Exp Med 179: 1127–1135.

31. Yang J, Liu X, Bhalla K, Kim CN, Ibrado AM, et al. (1997) Prevention of

apoptosis by Bcl-2: release of cytochrome c from mitochondria blocked. Science

275: 1129–1132.

32. Veis DJ, Sorenson CM, Shutter JR, Korsmeyer SJ (1993) Bcl-2-deficient mice

demonstrate fulminant lymphoid apoptosis, polycystic kidneys, and hypopig-

mented hair. Cell 75: 229–240.

33. Kaech SM, Tan JT, Wherry EJ, Konieczny BT, Surh CD, et al. (2003) Selective

expression of the interleukin 7 receptor identifies effector CD8 T cells that give

rise to long-lived memory cells. Nat Immunol 4: 1191–1198.

34. Borger P, Kauffman HF, Postma DS, Vellenga E (1996) IL-7 differentially

modulates the expression of IFN-gamma and IL-4 in activated human T

lymphocytes by transcriptional and post-transcriptional mechanisms. J Immunol

156: 1333–1338.

CD8 Response Development

PLoS ONE | www.plosone.org 11 May 2010 | Volume 5 | Issue 5 | e10842



35. Hand TW, Morre M, Kaech SM (2007) Expression of IL-7 receptor alpha is

necessary but not sufficient for the formation of memory CD8 T cells during

viral infection. Proc Natl Acad Sci U S A 104: 11730–11735.

36. Gazzinelli RT, Wysocka M, Hieny S, Scharton-Kersten T, Cheever A, et al.

(1996) In the absence of endogenous IL-10, mice acutely infected with

Toxoplasma gondii succumb to a lethal immune response dependent on

CD4+ T cells and accompanied by overproduction of IL-12, IFN-gamma and

TNF-alpha. J Immunol 157: 798–805.

37. Chtanova T, Han SJ, Schaeffer M, van Dooren GG, Herzmark P, et al. (2009)

Dynamics of T cell, antigen-presenting cell, and pathogen interactions during

recall responses in the lymph node. Immunity 31: 342–355.

38. Fox BA, Bzik DJ (2002) De novo pyrimidine biosynthesis is required for

virulence of Toxoplasma gondii. Nature 415: 926–929.

39. Nakazato K, Yamada H, Yajima T, Kagimoto Y, Kuwano H, et al. (2007)

Enforced expression of Bcl-2 partially restores cell numbers but not functions of

TCRgammadelta intestinal intraepithelial T lymphocytes in IL-15-deficient

mice. J Immunol 178: 757–764.

40. Karawajew L, Ruppert V, Wuchter C, Kosser A, Schrappe M, et al. (2000)

Inhibition of in vitro spontaneous apoptosis by IL-7 correlates with bcl-2 up-

regulation, cortical/mature immunophenotype, and better early cytoreduction

of childhood T-cell acute lymphoblastic leukemia. Blood 96: 297–306.

41. Klonowski KD, Williams KJ, Marzo AL, Lefrancois L (2006) Cutting edge: IL-

7-independent regulation of IL-7 receptor alpha expression and memory CD8 T

cell development. J Immunol 177: 4247–4251.

42. Oh S, Perera LP, Terabe M, Ni L, Waldmann TA, et al. (2008) IL-15 as a

mediator of CD4+ help for CD8+ T cell longevity and avoidance of TRAIL-

mediated apoptosis. Proc Natl Acad Sci U S A 105: 5201–5206.

43. Janssen EM, Droin NM, Lemmens EE, Pinkoski MJ, Bensinger SJ, et al. (2005)

CD4+ T-cell help controls CD8+ T-cell memory via TRAIL-mediated

activation-induced cell death. Nature 434: 88–93.

44. Tan JT, Dudl E, LeRoy E, Murray R, Sprent J, et al. (2001) IL-7 is critical for

homeostatic proliferation and survival of naive T cells. Proc Natl Acad Sci U S A

98: 8732–8737.

45. Cheung KP, Yang E, Goldrath AW (2009) Memory-Like CD8+ T Cells

Generated during Homeostatic Proliferation Defer to Antigen-Experienced

Memory Cells. J Immunol.

46. Mueller SN, Ahmed R (2009) High antigen levels are the cause of T cell

exhaustion during chronic viral infection. Proc Natl Acad Sci U S A 106:

8623–8628.

47. Yi JS, Du M, Zajac AJ (2009) A vital role for interleukin-21 in the control of a

chronic viral infection. Science 324: 1572–1576.

48. Suzuki Y, Orellana MA, Schreiber RD, Remington JS (1988) Interferon-

gamma: the major mediator of resistance against Toxoplasma gondii. Science
240: 516–518.

49. Hughes HP, Kasper LH, Little J, Dubey JP (1988) Absence of a role for natural

killer cells in the control of acute infection by Toxoplasma gondii oocysts. Clin
Exp Immunol 72: 394–399.

50. Guan H, Moretto M, Bzik DJ, Gigley J, Khan IA (2007) NK cells enhance
dendritic cell response against parasite antigens via NKG2D pathway. J Immunol

179: 590–596.

51. Shedlock DJ, Shen H (2003) Requirement for CD4 T cell help in generating
functional CD8 T cell memory. Science 300: 337–339.

52. Casciotti L, Ely KH, Williams ME, Khan IA (2002) CD8(+)-T-cell immunity
against Toxoplasma gondii can be induced but not maintained in mice lacking

conventional CD4(+) T cells. Infect Immun 70: 434–443.
53. Xue HH, Kovanen PE, Pise-Masison CA, Berg M, Radovich MF, et al. (2002)

IL-2 negatively regulates IL-7 receptor alpha chain expression in activated T

lymphocytes. Proc Natl Acad Sci U S A 99: 13759–13764.
54. Haque S, Khan I, Haque A, Kasper L (1994) Impairment of the cellular

immune response in acute murine toxoplasmosis: regulation of interleukin 2
production and macrophage-mediated inhibitory effects. Infect Immun 62:

2908–2916.

55. Candolfi E, Hunter CA, Remington JS (1994) Mitogen- and antigen-specific
proliferation of T cells in murine toxoplasmosis is inhibited by reactive nitrogen

intermediates. Infect Immun 62: 1995–2001.
56. Khan IA, Matsuura T, Kasper LH (1995) IL-10 mediates immunosuppression

following primary infection with Toxoplasma gondii in mice. Parasite Immunol
17: 185–195.

57. Pearce EL, Shen H (2007) Generation of CD8 T cell memory is regulated by IL-

12. J Immunol 179: 2074–2081.
58. Carvalho LH, Sano G, Hafalla JC, Morrot A, Curotto de Lafaille MA, et al.

(2002) IL-4-secreting CD4+ T cells are crucial to the development of CD8+ T-
cell responses against malaria liver stages. Nat Med 8: 166–170.

59. Morrot A, Hafalla JC, Cockburn IA, Carvalho LH, Zavala F (2005) IL-4

receptor expression on CD8+ T cells is required for the development of
protective memory responses against liver stages of malaria parasites. J Exp Med

202: 551–560.
60. Zeng R, Spolski R, Finkelstein SE, Oh S, Kovanen PE, et al. (2005) Synergy of

IL-21 and IL-15 in regulating CD8+ T cell expansion and function. J Exp Med
201: 139–148.

61. Allard EL, Hardy MP, Leignadier J, Marquis M, Rooney J, et al. (2007)

Overexpression of IL-21 promotes massive CD8+ memory T cell accumulation.
Eur J Immunol 37: 3069–3077.

CD8 Response Development

PLoS ONE | www.plosone.org 12 May 2010 | Volume 5 | Issue 5 | e10842


