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Abstract
CD8+ T cells undergo rapid expansion during infection with intracellular pathogens, which is
followed by swift and massive culling of primed CD8+ T cells. The mechanisms that govern the
massive contraction and maintenance of primed CD8+ T cells are not clear. We show here that the
transcription factor, FoxO3a does not influence antigen-presentation and the consequent expansion
of CD8+ T cell response during Listeria monocytogenes (LM) infection, but plays a key role in the
maintenance of memory CD8+ T cells. The effector function of primed CD8+ T cells as revealed
by cytokine secretion and CD107a degranulation was not influenced by inactivation of FoxO3a.
Interestingly, FoxO3a-deficient CD8+ T cells displayed reduced expression of pro-apoptotic
molecules BIM and PUMA during the various phases of response, and underwent reduced
apoptosis in comparison to WT cells. A higher number of memory precursor effector cells
(MPECs) and memory subsets were detectable in FoxO3a-deficient mice compared to WT mice.
Furthermore, FoxO3a-deficient memory CD8+ T cells upon transfer into normal or RAG1-
deficient mice displayed enhanced survival. These results suggest that FoxO3a acts in a cell
intrinsic manner to regulate the survival of primed CD8+ T cells.

Introduction
CD8+ T cells play a key protective role during infections that are caused by intracellular
pathogens (1). After antigenic recognition, naïve antigen-specific CD8+ T cells undergo
rapid differentiation into effectors that eliminate infected cells in systemic and peripheral
sites (2). Following the peak expansion of CD8+ T cell response, typically day 7, the
majority (~95%) of effector CD8+ T cells are swiftly eliminated and only a small proportion
of those CD8+ T cells survive (~5%), establishing a long-lived population of memory CD8+

T cells that confer long-term protection against a subsequent encounter with the same
pathogen (3–6).

Apoptosis is a key mechanism that promotes the contraction of CD8+ T cell response (7).
The extrinsic (death receptor) pathway involves interaction of members of the tumor
necrosis factor receptor family (TNFR) with ligands such as FasL, TNF and TRAIL, leading
to activation of the caspase cascade which results in cell-death (8,9). In the intrinsic
(mitochondrial) pathway, disruption of mitochondrial membrane occurs by the expression or
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activation of BH3-only family proteins such as BIM, BID and PUMA. This causes the
release of cytochrome c that results in activation of caspase 3 and 7 and consequently cell
death (10,11). Levels of BIM, PUMA, FasL and TRAIL have been shown to be regulated by
the Foxo3a transcription factor, which suggests that Foxo3a can act in both pathways (12–
15).

Activation of Foxo promotes nuclear localization, which allows transcription of target genes
such as BIM. In contrast, phosphorylation of Foxo proteins by PI3K-Akt
(phosphaphatidylinositol 3-kinase-Akt) pathway leads to cytoplasmic localization by
association with 14-3-3 protein and eventual degradation (16–18). We have previously
shown that the phosphorylation of Foxo3a induced by TCR and γc cytokines (IL-2 and IL-7)
signalling promotes survival of human CD4+ central memory T cells (19). Furthermore,
activated Foxo3a was the key mediator of CD4+ T cells death in HIV infection (20,21). In
murine Lymphocytic choriomeningitis virus (LCMV) infection model, it was showed that
Foxo3a deficiency leads to increased expansion, but not contraction, of CD4+ and CD8+ T
cell responses by modulation of the function of dendritic cells (22).

The mechanisms underlying the contraction and maintenance of CD8+ T cells are not
completely clear. In this study, we have evaluated the role of Foxo3a in the expansion,
contraction and maintenance of CD8+ T cells during infection with LM. We found that
absence of Foxo3a signalling did not significantly influence antigen-presentation or
expansion of CD8+ T cell response. Inactivation of FoxO3a promoted increased survival of
primed CD8+ T cells during the contraction phase, resulting in a greater pool of memory
CD8+ T cells. Furthermore, our data indicates that FoxO3a signalling in CD8+ T cells is
directly responsible for increased contraction of primed CD8+ T cells due to increased
expression of pro-apoptotic molecules BIM and PUMA. This is the first time that the
intrinsic role of FoxO3a on CD8+ T cells during the contraction and maintenance phase has
been demonstrated, which highlights the importance of intrinsic pathway in facilitating the
elimination of primed CD8+ T cells during the contraction phase.

Material and Methods
Mice and infections

All animals were housed in the animal facility of the Institute for Biological Sciences and
maintained according to CCAC guidelines. Protocols and procedures (Protocol #2008-10)
were approved and monitored by the National Research Council of Canada-Institute for
Biological Sciences Animal Care and Ethics Board. Female C57BL/6J and IL-6-deficient
(B6.129S6-IL6tm1kopf/J) mice at 6–8 weeks of age were obtained from the Jackson Labs
(Bar Harbor, Maine). CD45.1+ OT-1 and CD45.2+ OT-1 mice were bred in-house. We
derived FoxO3a-deficient mice by disabling Foxo3a allele using the BayGenomics XA026
embryonic stem cell line, which was derived using a gene-trap targeting strategy (23). These
mice were backcrossed to B6 background for more than 10 generations. FoxO3a-deficient
OT-1 mice were generated by mating OT-1 (CD45.2) mice with FoxO3a-deficient mice.
Mice were maintained in the animal facility at the Institute for Biological Sciences (National
Research Council of Canada, Ottawa, Canada) in accordance with the guidelines of the
Canadian Council on Animal care. For immunizations with LM-OVA, frozen stocks were
thawed and diluted in 0.9% NaCl, and mice were inoculated with 1 × 104 LM-OVA
suspended in 200 μL of 0.9% NaCl, via the lateral tail vein (i.v.).

Bacterial strains
OVA-expressing Listeria monocytogenes (LM-OVA), as described previously (24), was
grown in Brain Heart Infusion (BHI) media (DIFCO Laboratories, Detroit MI) to
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O.D.600nm=0.4–0.8. At mid-log phase, bacteria were harvested and frozen in 20% glycerol
and stored at −80°C. Colony forming units were determined by performing serial dilutions
on plates.

Bacterial burden
Spleens from infected mice were homogenized in RPMI 1640 medium. Colony forming
units were determined by plating 100 μL aliquots of serial ten-fold dilutions in 0.9% saline
on BHI-Agar plates.

In vivo cytolytic activity
In vivo cytolytic activity of antigen-specific CD8+ T cells was enumerated as previously
described (25,26). Donor spleen-cell suspensions were prepared and red blood cells lysed by
ammonium chloride treatment. Cells were split into two aliquots and labelled with CFSE.
One aliquot was stained with low concentration of CFSE (0.2μM) and incubated in R8%
medium (RPMI + 8% fetal bovine serum). The second aliquot was stained with 10X CFSE
(2μM) and incubated with OVA257-264 peptide (10 μg/ml) in R8% medium. After 30 min. of
incubation, the two aliquots were mixed 1:1 and injected (20×106/mouse) into recipient
mice that were infected previously with LM-OVA. Non infected recipient mice served as
controls. At 24 h after the donor cell transfer, spleens were removed from recipients and the
relative numbers of peptide-pulsed versus control donor cells was enumerated according to a
previously published equation (26).

ELISPOT assay
Enumeration of IFN-γ secreting cells was done by ELISPOT assay (27). Briefly, spleen cells
were incubated in anti-IFN-γ antibody coated ELISPOT plates in various numbers (at a final
cell density of 5×105/well using feeder cells) in the presence of IL-2 (0.1 ng/ml) and media
or OVA257-264 (5 μg/ml). Incubation lasted 48h. The plates were subsequently washed,
incubated with the biotinylated secondary antibody (37°C, 2h) followed by avidin-
peroxidase conjugate (room temp., 1 h). Spots were revealed using AEC staining kit
(Sigma).

In vivo antigen-presentation
For evaluation of antigen-presentation in vivo, CFSE labeled OT-1 cells were injected
(5×106) into WT or FoxO3a-deficient mice iv. Mice were infected with LM-OVA either
before or after OT-1 injection. Four days after the OT-1 cell transfer, spleens were removed
from the recipient mice. The presence of donor OT-1 CD8+ T cells (CD45.1+) and the
reduction in CFSE intensity of donor cells was evaluated.

Flow cytometry
For evaluation of the fate and phenotype of OVA257-264-specific CD8+ T cells in vivo,
aliquots of cells (5 × 106) were incubated in 80μl of PBS plus 1% BSA (PBS-BSA) with
anti-CD16/32 at 4°C. After 10 min., cells were stained with H-2KbOVA 257–264 tetramer-PE
(Beckman Coulter, US) and various antibodies (anti-CD8 PercP-Cy5, anti-CD62L APC-
Cy7, anti-CD127 PE-Cy7 and anti-KLRG-1 biotin followed by Streptavidin APC) for 30
min. In order to evaluate Ki67 expression, cells were fixed and permeabilized with cytofix/
cytoperm buffer (BD) after extracellular staining with anti-CD8 and OVA-tetramer, and
stained with Ki67 FITC (BD) for 30 min. All antibodies were obtained from BD Biosciences
(Ontario, Canada). Cells were washed with PBS and fixed in 0.5% formaldehyde and
acquired on BD FACS Canto flow cytometer. In some experiments CD45.1+ OT-1 cells
were adoptively transferred into CD45.2+ recipients, and the transferred cells were tracked
after staining cells with anti-CD45.1 antibodies.
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Apoptosis assay
For analysis of apoptosis, spleen cells were cultured overnight in RPMI+8% FBS. Aliquots
were stained with anti-CD8 antibody and OVA-tetramer as described above. For Annexin V
staining, cells were then incubated for 15 min. at room temperature with Annexin V APC
(BD) in binding buffer (BD). For Tunnel staining, the in situ cell death detection kit,
fluorescein (Roche) was used and the procedure was done according to manufacturer’s
instruction for cell suspension.

Intracellular staining
Aliquots of spleen cells (10 × 106/ml) were stained with anti-CD8 and anti-CD45.2
antibodies for 30 min. on ice as described above. Cells were then washed, reconstituted in
R8, plated into 96-well plates (2×106/well) and stimulated with Ova257-264 peptide (1 μg/ml)
in the presence of Golgi-stop (BD Biosciences). After 4 h, cells were harvested, washed,
permeabilized and stained for intracellular IL-2 or IFN-γ using the cytokine staining kit
(obtained from BD Biosciences). Staining for CD107a was done after stimulating spleen
cells with OVA-peptide for 4 h in the presence of Golgistop and anti-CD107a antibody.
Cells were then stained with anti-CD45.1, anti-CD45.2, anti-CD127, anti-KLRG-1
antibodies.

In vitro stimulation of OT-1 cells
OT-1 spleen cells (45.1+ or 45.2+) were incubated (100 × 106 cells/flask) with LM-OVA
(1×102). After 16 – 18 hours, cells were washed, and cultured in media (RPMI + 8% FBS)
containing gentamicin (50 μg/mL). Cells were kept in media containing IL-7 (1 ng/ml) for
additional time periods with cultures split on a daily basis to avoid overcrowding. CD8+ T
cells were purified using magnetic selection beads (Miltenyi Biotech) and injected iv in 200
μL of HBSS through the tail vein.

CD8+ T cell purification and cell sorting
CD8+ T cells were purified from the spleens of WT and FoxO3a-deficient mice using the
anti-CD45.2 beads (Stemcell technology, Vancouver). Purified CD8+ T cells (stained with
anti-CD8 PE) were then stained with OVA-tetramer-APC. Cells were sorted on MoFlo cell
sorter.

Western blotting
Western blotting was performed on whole cell proteins extracted using RIPA buffer.
Samples were normalized for cell number and were loaded on SDS-12% polyacrylamide
gels. Proteins were then transferred on to a PVDF membrane, blocked with 5% milk and
probed with the primary antibody of interest followed by treatment with an appropriate
secondary antibody conjugated to horseradish peroxidase. Antibodies against Foxo3a
(#2497S), BIM (#2933S), BID (#20003S) and PUMA (#7467S) were purchased from Cell
signalling technology. The blots were further developed using an enhanced
chemiluminescence substrate (Bio-rad) and bands were identified by exposing the
membrane on to an X-ray film (Kodak).

Statistical analysis—The values of samples were compared by One-Way Anova
followed by Tukey HSD tests available at the site http://faculty.vassar.edu/lowry/
VassarStats.html, or unpaired t-test using Graphpad prism software. The differences were
considered significant when the P value was <0.05.
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Results
Increased maintenance of CD8+ T cell response in FoxO3a-deficient mice

We evaluated the role of Foxo3a in the development of CD8+ T cell response during
infection with the intracellular bacterium, LM. To test the role of FoxO3a, we derived mice
deficient in Foxo3a by generating mice bearing a disabled Foxo3a allele using the
BayGenomics XA026 embryonic stem cell line, which was derived using a gene-trap
targeting strategy (23). WT and FoxO3a-deficient (FoxO3a-trap) mice were infected with
LM-OVA and the magnitude of OVA-specific CD8+ T cell response was evaluated by
staining of spleen cells with H-2Kb-OVA tetramers. FoxO3a-trap mice had similar numbers
of OVA-specific CD8+ T cells at day 7, but higher numbers at days 15 and 30 post-infection
in comparison to WT mice (Fig. 1A, B). The proliferation of OVA-specific CD8+ T cells
was similar in WT and FoxO3a-trap mice at various time intervals (Fig. 1C). Fate of primed
CD8+ T cells has been linked to their relative expression of CD127 (IL-7Rα) versus
KLRG-1 during the priming phase (28). Short-lived effector cells (SLEC) are
IL-7RαlowKLRG1hi, and memory precursor effector cells (MPEC) are IL-7RαhiKLRG1low.
MPECs have a higher ability to proliferate and to self-renew than SLECs (29). Considering
the differences observed in the contraction of OVA-specific CD8+ T cells from WT versus
FoxO3a-deficient mice, we addressed whether this can be correlated to the differential
expression of CD127 and KLRG-1. At day 7 post-infection, the numbers of SLECs and
MPECs were similar in WT and FoxO3a-deficient mice (Fig 1D, E). At later time points, the
numbers of MPECs in FoxO3a-deficient mice were significantly higher than WT controls
(Fig 1E).

We measured the expression of IL-7Rα versus CD62L, which has been used for segregation
of primed CD8+ T cells into effector T cells (Teff, IL-7RαlowCD62Llow), effector-memory
T cells (Tem, IL-7RαhighCD62Llow) and central-memory T cells (Tcm,
IL-7RαhighCD62Lhigh) (30,31). These CD8+ T cell subsets differ in their ability to
proliferate, to self-renew and to mediate effector function. At day 7 post-infection, OVA-
specific CD8+ T cells in the two groups of mice expressed similar levels of CD62L and
IL-7Rα (Fig. 1F, G). Subsequently, increased numbers of memory CD8+ T cells were noted
in FoxO3a-deficient mice.

OVA-specific CD8+ T cell response was also evaluated by ELISPOT assay. At day 7 post-
infection (peak of response), there was no difference in the magnitude of OVA-specific
CD8+ T cell response (Fig. 2A–C) suggesting that FoxO3a does not influence the expansion
phase of CD8+ T cell response. Interestingly at subsequent time intervals, higher numbers of
OVA-specific CD8+ T cells were detected in the spleen (Fig. 2A), liver (Fig. 2B) and
peripheral blood (Fig. 2C) of FoxO3a-deficient mice. Increased CD8+ T cell response
observed in Foxo3a-deficient mice was consistent with greater elimination of peptide pulsed
targets in FoxO3a-deficient mice in comparison to WT controls (Fig. 2D, E). Both the
groups of mice displayed similar, specific cytotoxicity in vivo at day 7 (data not shown).
WT and FoxO3a-deficient mice did not show any difference in bacterial burden (Fig. 2F),
suggesting that the innate immune response in WT and FoxO3a-deficient mice is perhaps
similar.

Previously, in a mouse model of LCMV infection, it was reported that FoxO3a regulates
IL-6 production by dendritic cells which leads to regulation of T cell survival (22). We
therefore compared the expansion and contraction of OVA-specific CD8+ T cell response in
WT and IL-6-deficient mice. At days 7 and 30 post-infection both groups of mice displayed
similar frequency of OVA-specific CD8+ T cells in the spleen, liver and blood (Fig. S1 A–
C). Also, the percentage of OVA-specific CD8+ T cells was similar at day 7 post-infection
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(Fig. S1 D). Thus, IL-6 does not seem to play a role in the development of CD8+ T cell
response during LM-OVA infection.

We measured the expression of cytokines and chemokines in the serum of WT and FoxO3a-
deficient mice at the peak (day 3) of LM-OVA infection using a mouse cytokine/chemokine
array. The levels of cytokines/chemokines expressed were compared to uninfected controls.
There were subtle perturbations in various cytokines/chemokines. Some cytokines (IL-6,
IFN-γ, IL-1a, IL-2, MIG) were elevated in FoxO3a-deficient mice whereas others (G-CSF,
IL-1ra, TIMP-1, TNF-a) were elevated in WT mice (Fig. S2 A, B), however, these did not
impact the bacterial burden (Fig. 2F).

Loss of Foxo3a does not modulate antigen-presentation
While we failed to note any impact of FoxO3a-deficiency on the development of CD8+ T
cell response at the peak (day 7), we still considered the possibility that there may be some
influence on antigen-presentation. Specifically, we considered the possibility that FoxO3a-
deficient mice might display prolonged antigen-presentation that might influence the
maintenance of CD8+ T cell response subsequently. Control of LM-OVA burden was
similar in both the groups (Fig. 2F), implying that the difference in the CD8+ T cell response
between WT and FoxO3a-deficient mice was not related to bacterial burden. WT and
FoxO3a-trap dendritic cells infected with LM-OVA in vitro displayed similar antigen-
presentation upon culture with CFSE-labelled OT-1 cells (Fig. 3A). To evaluate antigen-
presentation in vivo, we transferred CFSE labelled OT-1 cells to WT and Foxo3a-deficient
mice at various time intervals before or after infection with LM-OVA. Change in the
numbers, and CFSE-expression, of transferred OT-1 cells (CD45.1+) was evaluated four
days post-OT-1-transfer to determine the potency and magnitude of antigen presentation.
When OT-1 cells were transferred at days −1 or 5 of infection, WT and FoxO3a-deficient
mice displayed potent and similar activation of OT-1 cells (Fig. 3B–E). When OT-1 cells
were transferred at day 10 of infection, there was minimal activation of OT-1 cells in both
the groups of mice. These results confirm that antigen-presentation against LM-OVA occurs
during the first week of infection (32), and this is not affected by the inactivation of FoxO3a.

Intrinsic role of Foxo3a in primed CD8+ T cells
We determined whether Foxo3a acts in a cell intrinsic manner to promote the maintenance
of primed CD8+ T cells. WT and FoxO3a-deficient OT-1 cells were adoptively transferred
into naïve WT mice that were infected with LM-OVA. The numbers of OVA-specific CD8+

T cells were enumerated at various time intervals by tetramer staining. FoxO3a-deficient
OT-1 cells survived in higher proportions in comparison to WT cells (Fig. 4A, B).
Endogenous OVA-specific CD8+ T cell response is undetectable at late time periods in this
model, so the response is mainly comprised of adoptively transferred OT-1 cells. In order to
more specifically track the role of FoxO3a in CD8+ T cell differentiation, we resorted to a
different experimental protocol (Fig. 4C, D) wherein WT OT-1 cells (CD45.1+CD45.2+)
were mixed 1:1 (Fig. 4D) with FoxO3a-deficient OT-1 cells (CD45.2+) and injected into
45.1+ (B6.SJL) hosts, which were then infected with LM-OVA (Fig. 4C, D). Using this
system, we could track the differentiation and fate of WT and FoxO3a-deficient cells in the
same host. Here again, the proportion of FoxO3a-deficient CD8+ T cells was significantly
higher than WT cells in blood as well as spleen (Fig 4E–J). The proportion of MPECs were
also higher in FoxO3a-deficient cells.

It has been previously shown that transgenic CD8+ T cells compete with endogenous CD8+

T cells for antigen-presentation (33), which influences subsequent differentiation of primed
cells (34,35). Therefore, to specifically evaluate the cell intrinsic role of FoxO3a in CD8+ T
cells we resorted to another experimental model wherein spleen cells (100×106) of naïve
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WT OT-1 (CD45.1+) and FoxO3a-deficient OT-1 (45.2+) were infected in vitro with LM-
OVA (102). After overnight culture, cells were washed and subsequently cultured in media
containing gentamicin to eliminate bacteria. At day 2, CD8+ T cells were purified, mixed 1:1
(WT: FoxO3a-trap) and adoptively transferred into naïve WT mice (Fig. S3 A). At day 1
post-transfer, similar numbers of WT and FoxO3a-deficient CD8+ T cells were detectable in
the spleen (Fig. S3 B). At later time periods, WT OT-1 cells displayed poor survival in
comparison to FoxO3a-deficient OT-1 cells (Fig. S3 B). We also cultured the in vitro
stimulated OT-1 cells (as described above) with IL-7 for 12 days and then transferred them
into naïve recipients. Here again, FoxO3a-deficient CD8+ T cells displayed increased
maintenance in comparison to WT cells (Fig. S3 C, D).

Reduced apoptosis in Foxo3a-deficient CD8+ T cells
We determined whether OVA-specific CD8+ T cells from FoxO3a-deficient mice displayed
better survival than WT counterparts. At day 15 post-infection, we noted reduced expression
of Annexin V and TUNEL in OVA-specific CD8+ T cells from FoxO3a-deficient mice
compared to WT mice (Fig 5A–C). These results indicate that the increased maintenance of
OVA-specific CD8+ T cells in FoxO3a-deficient mice may be related to their increased
survival. Foxo3a transcription factor controls transcription of several downstream gene
targets involved in apoptosis (12–15). In order to investigate the mechanisms by which
Foxo3a controls the survival of OVA-specific CD8+ T cells during LM-OVA infection, we
evaluated the expression of pro-apoptotic molecules by western blotting. OVA-specific
CD8+ T cells were purified by magnetic beads followed by cell sorting, and the expression
of pro-apoptotic molecules was examined. While the WT and FoxO3a-deficient, OVA-
specific CD8+ T cells expressed similar levels of Bid, the expression of Bim and Puma was
reduced in FoxO3a-deficient cells at day 7 (Fig. 5D, E). Similar results were noted at
subsequent time intervals. As expected, the expression of FoxO3a was un-detectable in
FoxO3a-trap mice (Fig. 5D, E). In addition, we also evaluated the expression of Fas receptor
and Bcl2 on OVA-specific CD8+ T cells at day 15 post-infection and did not notice any
significant difference in WT and FoxO3a-trap cells (Fig. 5F, G). The expression of Bcl2
appeared to be slightly lower in FoxO3a-deficient CD8+ T cells in both KLRG-1hi and
KLRG-1low subsets (Fig. 5G–I). Taken together, these results indicate that FoxO3a-deficient
cells undergo reduced cell death following activation in vivo.

Foxo3a-deficient CD8+ T cells display increased survival
We evaluated the homeostatic proliferation of OVA-specific CD8+ T cells from infected
WT and FoxO3a-deficient mice. At day 30 post-infection, (Fig. 6A–C), spleen cells were
labelled with CFSE and cultured in vitro in the presence of IL-7 and IL-15. FoxO3a-
deficient cells appeared to display slightly better homeostatic proliferation (Fig. 6B, C),
however, the fold-increase in the numbers of OVA-tetramer+ CD8+ T cells was similar for
WT and FoxO3a-deficient cells (data not shown). In order to track the relative proliferation
and survival of OVA-specific cells in vivo, we transferred purified CD8+ T cells at day 90
post-infection into Rag1-deficient mice and evaluated the fate of transferred cells five days
later (Fig. S4 A). There was no difference in the proliferation of WT and FoxO3a-deficient
memory CD8+ T cells at day 5 post-transfer (Fig. S4 B, C). We considered the possibility
that the difference in relative survival of cells as a consequence of homeostatic proliferation
may manifest at later time intervals post-transfer. Thus, a different experimental protocol
was set up in which both WT and FoxO3a-deficient OT-1 cells, differing in CD45.1/CD45.2
expression, were mixed 1:1 and injected into B6.SJL hosts that were then infected with LM-
OVA (Fig. 6D). At day 24, CD8+ T cells from these recipients were purified and transferred
into naïve Rag1-deficient mice (Fig. 6E). As is indicated in the panel E, the numbers of
FoxO3a-trap cells were two-fold greater than WT cells. We then measured the fate of these
cells at 30 days post-transfer to Rag-1-deficeint mice (Fig. 6F–H). FoxO3a-deficient, OVA-
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specific CD8+ T cells displayed greater cell survival in comparison to WT cells (Fig. 6F, G).
When the initial input cell numbers were normalized, even then the increased survival of
FoxO3a-deficient cells was evident (Fig. 6H).

The function of CD8+ T cells is not influenced by FoxO3a-mutation
We evaluated the expression of IFN-γ by WT versus FoxO3a-trap, OVA-specific CD8+ T
cells at day 60 post-infection, and did not notice any difference in the expression of IFN-γ.
(Fig. 7A, B). Similarly, the expression of intracellular IL-2 was not different between WT
and FoxO3a-deficient cells (Fig. 7C, D). Furthermore, IL-2 secretion by MPECs was similar
in case of WT and FoxO3a-deficient cells (Fig. 7E).

Considering the increased specific cytolytic activity that was detected in vivo in FoxO3a-
deficient mice (Fig. 1D, E), we wished to determine whether the cytolytic activity of
FoxO3a-deficient cells is intrinsically better. Using the CD107a degranulation assay (36)
which provides a functional analysis of the cytolytic potential of CD8+ T cells, we tested the
degranulation of CD107a in WT and FoxO3a-deficient, OVA-specific CD8+ T cells at
various time intervals post-infection. At day 7, FoxO3a-deficient, OVA-specific CD8+ T
cells displayed reduced CD107a degranulation, whereas at other time intervals there was
similar CD107a degranulation in WT and FoxO3a-deficient CD8+ T cells (Fig. 8A, B). Both
MPECs and SLECs displayed similar degranulation of CD107a (Fig. 8C, D).

Discussion
CD8+ T cells undergo varying level of activation and expansion in different infection
models, however, the extent of contraction of the primed CD8+ T cells appears to be
programmed, as the proportion of cells that contract after priming seems to remain constant
(~90%). How the primed CD8+ T cells undergo contraction and subsequent maintenance
after priming is an area of active investigation. In this report we have addressed the role of
the transcription factor FoxO3a in the maintenance of CD8+ T cell response during infection
with an intracellular bacterium. Our results reveal that FoxO3a acts in a cell intrinsic manner
to promote the maintenance of CD8+ T cells.

Contraction of CD8+ T cell response has been shown to be programmed as contraction
continues unaltered even during chronic infections (37). Even when the pathogen burden is
prematurely eliminated at 24 h post-infection, contraction of the CD8+ T cell response
proceeds unaltered (24,32). On the other hand, inflammation has been shown to influence
the extent of contraction of CD8+ T cell response (38). Infection of IL-15-deficient mice
with LM-OVA leads to a higher contraction of CD8+ T cell response, while in IL-15
transgenic mice the reverse is observed (39). Administration of IL-7 or IL-15 at the peak of
OVA-specific CD8+ T cells response in VSV-OVA (vesicular stomatitis virus expressing
OVA) or LM-OVA infected mice results in a lower contraction of primed CD8+ T cells
(40). Interestingly, IL-7 and IL-15 treatment seems to rescue different subsets of CD8+ T
cells. The numbers of KLRG-1hiCD127low (SLECs) cells were increased by IL-15
administration, while the numbers of KLRG-1lowCD127hi (MPECs) and KLRG-1hiCD127hi

were increased by IL-7 administration (40). Our results indicate higher numbers of
KLRG-1hiCD127hi cells and lower numbers of KLRG-1hiCD127low CD8+ T cells in
FoxO3a-deficient mice, suggesting a possible coupling between IL-7 signalling and
phosphorylation of Foxo3a during LM-OVA infection.

While the appearance of SLECs and MPECs during the differentiation of CD8+ T cells has
been clearly described previously (28), it is noteworthy that there is another CD8+ T cell
subset (KLRG-1hiCD127hi) that is increased in FoxO3a-deficient mice. It is conceivable that
this is a transitory population that has been rescued from SLECs and is progressing towards
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the MPEC phenotype. The proportion of SLECs decreases commensurate with the increase
in KLRG-1hiCD127hi cells from day 15 to day 30 in FoxO3a-deficient mice. The
characteristics of this population such as proliferation, self renewal, cytokine expression and
survival need further investigation.

Foxo3a transcription factor has been involved in the control of different biological
processes: regulation of lymphoid homeostasis by inhibition of NF-κB (23), and control of
cell proliferation and apoptosis by regulating the transcription of anti-proliferative and pro-
apoptotic genes such as p27 and BIM, respectively (12,15,41). Phosphorylation of Foxo3a
induces survival of cells in response to oxidative stress (42–44), and survival of CD4+ T
cells from normal healthy controls or HIV+ patients (19–21). Our results indicate that the
increase in the maintenance of OVA-specific CD8+ T cells in Foxo3a-deficient mice during
LM-OVA infection is related to their reduced expression of pro-apoptotic molecules BIM
and PUMA, which influences their homeostatic proliferation and survival in the long-term.
As Foxo3a regulates the expression of the pro-apoptotic molecules BIM and PUMA in our
model, these results agree with previous findings that BIM-deficient mice or BIM-deficient
CD8+ T cells have a lower contraction (7,45,46). Furthermore, our results also corroborate
previous studies wherein the cooperation between BIM and PUMA in mediating cell-death
was demonstrated (47,48). In BIM-deficient mice, the acute contraction of CD8+ T cell
response was greater (46) in comparison to our studies with FoxO3a-trap mice. Since we
noted that FoxO3a-trap mice displayed a significant reduction, but not complete elimination,
of BIM in CD8+ T cells, it is possible that the residual levels of BIM promote a significant
level of acute contraction in FoxO3a-trap mice. Alternatively, it is possible that FoxO3a
only influences the late stage maintenance of CD8+ T cell response. It is also conceivable
that a significant part of what may appear as acute contraction may actually be related to the
migration of primed cells from lymphoid to non-lymphoid organs (49). A total lack of
contraction may then be achieved only when death of primed cells as well as their migration
to other sites is blocked. We did not notice any upregulation of Bcl2, commensurate with
reduction in BIM levels in FoxO3a-deficient CD8+ T cells. There was a slight reduction in
Bcl2 levels in FoxO3a-deficient CD8+ T cells in comparison to WT cells. This is in
agreement with a previous report wherein the levels of BIM and Bcl2 were shown to be
interdependent (50).

Our data differs from a previous study in LCMV infection model where Foxo3a was shown
to indirectly control the expansion of CD8+ T cells by affecting IL-6 production by DCs,
without having any influence during the contraction of the response (22). Recently, another
study in the LCMV infection model concluded that FoxO3a acts in a CD8+ T cell-intrinsic
manner to promote expansion of CD8+ T cell response (51). FoxO3a was also shown to
regulate the expansion of CD8+ T cell response during chronic LCMV infection (52). Thus,
there appears to be disagreement regarding the mechanism through which FoxO3a promotes
T cell expansion during LCMV infection. Our data indicates that IL-6 does not influence the
magnitude of expansion or contraction of CD8+ T cell immune response during LM
infection (Fig. S1). While Sullivan et al reported a relatively small increase in the expansion
of CD8+ T cell response in FoxO3a-deficient mice, this difference was not noted in the
lymphoid organs (51,52). In the LM model, while we noted a small increase in the CD8+ T
cell response (at day 7) in FoxO3a-deficient mice in some experiments, this difference was
too small and was not significant. Based on the current paradigms of CD8+ T cell
differentiation, CD8+ T cells are culled during the contraction, but not the expansion phase
of the response (37). It is thus unclear how FoxO3a can modulate the CD8+ T cell expansion
in the LCMV model. It is unlikely that the cycling of CD8+ T cells itself is modulated by
FoxO3a since WT CD8+ T cells undergo maximal cycling during the expansion phase.
Based on the reduction (not complete elimination) of BIM and PUMA levels in FoxO3a-
deficient cells, it is likely that FoxO3a influences the contraction of response in a subtle
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manner which manifests only at much later time intervals due to continued cell division of
the surviving FoxO3a-deficient cells.

Another possible difference between our study and that of Dejean et al (22) is that our
mutant mice (Foxo3Trap) were derived by using mutant embryonic cell line obtained from
BayGenomics (23), whereas the mutant mice generated by Dejean et al (22) (Foxo3aKca)
were generated with embryonic stem cell clones from the OmniBank embryonic stem cell
library. The location of the gene trap splice acceptor in our mice is downstream of the first
coding exon, resulting in aberrant splicing of the transcript (23). Consistent with previous
analysis of thymus from FoxO3a-trap mice, in which a lack of Foxo3a expression and
absence of its truncated forms were reported (23), we failed to detect Foxo3a in purified
CD8+T cells from spleen by western blot. Although we cannot completely exclude the
possibility that low level of wild-type Foxo3a protein could be present as a result of an
alternative splicing around the vector in Foxo3-trap mice, its significance seems minimal
due to the clear differences observed in CD8+ T cell survival when compared to wild-type
mice. Interestingly, Sullivan et al used the same FoxO3a-trap mice as ours and have noted
an intrinsic role of FoxO3a in CD8+ T cell differentiation (51). Thus, it is not clear whether
the discrepancy in the intrinsic (51) versus extrinsic (22) role of FoxO3a is related to the
source of FoxO3a-deficient mice. Our study has revealed another caveat as the same
FoxO3a-deficient mice (51) promote increased maintenance of CD8+ T cell response
without having any significant effect during the priming stage. The extent of T cell
activation and the subsequent influence of cytokine milieu during viral and bacterial
infection are expected to be different. Indeed, it has been previously reported that IFN-I
plays a key role in CD8+ T cell expansion during LCMV infection while it has a minimal
effect during LM infection (53).

Our data provides novel insights into the key players of the apoptotic pathway that are
responsible for promoting contraction and maintenance of CD8+ T cell response after the
peak response is generated, thereby creating room for lymphoid homeostasis. These studies
reveal new avenues for vaccine development, particularly against cancer therapy, where
modulation of Foxo3a phosphorylation can lead to a higher survival of primed CD8+ T cells
which may improve vaccine efficacy.
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Fig. 1. Increased maintenance of OVA-specific CD8+ T cells in FoxO3a-deficient mice
WT and FoxO3a-deficient mice were infected (iv) with 104 LM-OVA. At various time
intervals, spleens were isolated from infected mice and spleen cells stained with OVA-
tetramer and antibodies against CD8, CD62L, IL-7Rα, Ki-67 and KLRG-1. Panels A and B
show the percentage and total number of OVA-specific CD8+ T cells, respectively. Panel C
shows the percentage of Ki67+ OVA-specific CD8+ T cells. The relative expression of
IL-7Rα versus KLRG-1 (D) or CD62L (F) in OVA-specific CD8+ T cells was evaluated.
Panel E shows the total numbers of short lived effector cells (SLECs) and memory precursor
effector cells (MPECs) based on the expression of IL-7Rα and KLRG-1 in OVA-specific
CD8+ T cells. The total numbers of differentiated OVA-specific CD8+ T cells based on the
expression of IL-7Rα and CD62L is showed in panel G. Teff = effector T cells, Tem =
effector memory T cells and Tcm = central memory T cells. Results are representative of
two independent experiments with two-three mice per group (* p<0.05, ** p<0.01).
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Fig. 2. Increased maintenance of functional CD8+ T cells in FoxO3a-deficient mice
WT and FoxO3a-deficient mice were infected (iv) with 104 LM-OVA. Frequency of OVA-
specific, IFN-γ-secreting CD8+ T cells from entire spleen (A), liver (B, per 106 cells) and
blood (C, per 5×105 cells) was evaluated by ELISPOT assay at various time intervals post-
infection. CFSE-labelled, OVA-pulsed and control spleen cells from naïve mice were
transferred to naïve or infected mice at day 90, and the specific killing of OVA-pulsed
targets was evaluated 24 h later (D, E). Mice were infected with LM-OVA (104, iv) and
bacterial burden was evaluated at various time intervals by plating serial dilutions of splenic
homogenates on BHI-agar plates (F). Results represent the mean of three to five mice ± SD
per group and are representative of two independent experiments (** p<0.01 and * p<0.05).
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Fig. 3. Similar in vivo antigen-presentation in WT and FoxO3a-deficient mice
BMDC (5×104) from WT and FoxO3a-deficient mice were infected with 20 MOI of LM-
OVA for 30 min. or left uninfected. Extracellular bacteria were removed after washing and
incubation in medium containing gentamicin (50 μg/ml). At the end of 2 h, cells were
cultured in media containing lower levels of gentamicin (10 μg/ml) and incubated with
CFSE labelled OT-1 TCR transgenic cells (106/well). After 3 days of culture, cells were
harvested, stained with anti-CD8 antibody, and the reduction in CFSE intensity of OT-1
CD8+ T cells was evaluated by flow cytometry (A). WT and FoxO3a-deficient mice were
infected (iv) with 104 LM-OVA. At various time intervals CFSE-labelled OT-1 CD8+ T
cells were injected (5×106, iv). Four days after the transfer of OT-1 cells, spleens were
isolated from recipient mice and spleen cells were stained with OVA-tetramer and anti-CD8
antibody. Reduction of CFSE expression (B, C) and increase in the numbers of transferred
OT-1 cells (D, E) was evaluated. Numbers in the panels represent percentage of OVA-
tetramer+ cells within the gate. Results are representative of two independent experiments
with three mice per group.
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Fig. 4. Intrinsic role of FoxO3a in CD8+ T cells
WT and FoxO3a-deficient OT-1 cells were injected (104, iv) into naïve WT mice which
were then challenged with 104 LM-OVA (iv) immediately thereafter (A). At various time
intervals, spleens were removed from infected mice and the relative numbers of OVA-
tetramer+ CD8+ T cells evaluated from 3 mice per group (B). WT OT-1 (CD45.1+CD45.2+)
cells were mixed 1:1 with FoxO3a-deficient OT-1 (CD45.1−CD45.2+) cells, and injected
(iv, 104/mouse) into WT (CD45.1+CD45.2−) mice (C), followed by infection with LM-OVA
as described above. The numbers and phenotype of OVA-specific CD8+ T cells was tracked
in the blood (E–G) and spleen (H–J) of infected mice with antibodies against CD8, CD45.1,
CD45.2, CD127 and KLRG1.
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Fig. 5. Reduced apoptosis in FoxO3a-deficient CD8+ T cells
WT and FoxO3a-deficient mice were infected with 104 (i.v) LM-OVA. At day 15 post-
infection, cell aliquots were evaluated for Annexin V (A, B) and TUNEL (A, C) staining as
described in the methods section. WT and FoxO3a-deficient mice were infected with LM-
OVA (104, iv) and OVA-specific cells were purified from spleen cells by magnetic selection
followed by cell sorting. Purified cells were lysed with RIPA buffer and cell lysates were
normalized for cell number (1×105 cells). Western blot was performed with anti-Foxo3a,
anti-BID, anti-BIM, anti-PUMA and anti-actin antibodies (D–E). Expression of the various
molecules was evaluated in relation to actin by densitometry (E). Results are representative
of two independent experiments (* p<0.05). The expression of Fas (F) was evaluated in
OVA-specific CD8+ T cells at day 15 post-infection. Intracelular staining of OVA-specific
cells with anti-Bcl2 antibody was performed at day 15 post-infection (G–I).
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Fig. 6. Enhanced long-term survival of FoxO3a-deficient CD8+ T cells in Rag1-deficient hosts
WT and FoxO3a-deficient mice were infected with LM-OVA. At day 30 post-infection,
spleens were removed from infected mice and cells stained with CFSE and cultured in vitro
in the presence of IL-7 (10 ng/ml) and IL-15 (10 ng/ml). At days 1 to 9 of in vitro culture,
aliquots were stained with anti-CD8 antibody and OVA-tetramer (A, B). Reduction in the
expression of CFSE was monitored by Flow cytometry (B, C). WT and FoxO3a-deficient
OT-1 cells were mixed 1:1 and injected (iv, 104/mouse) into B6.SJL mice followed by
infection with LM-OVA. At day 24, CD8+ T cells were purified from recipients and
adoptively transferred (iv, 4×106/mouse) into naïve Rag1-deficient mice (D). The proportion
of WT versus FoxO3a-deficient cells that went into Rag1-deficient mice was evaluated (E)
and the fate of these cells was then evaluated in mice at thirty days post-transfer (F–H). The
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fate of transferred cells was also evaluated when the input numbers of OVA-specific CD8+

T cells (WT versus FoxO3a mutant) were normalized (H).
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Fig. 7. Expression of intracellular cytokines by WT and FoxO3a-deficient CD8+ T cells
WT and FoxO3a-deficient OT-1 cells were injected (104, iv) into naïve B6.SJL mice which
were then challenged with 104 LM-OVA (iv) immediately thereafter. At day 60, spleens
were removed from infected mice, stained with anti-CD45.1, anti-CD45.2 and anti-CD8
antibodies. Cells were stimulated in vitro with OVA-peptide for 4 h in the presence of Golgi
stop. Cells were permeabilized, stained with antibodies against IFN-γ (A, B) and IL-2 (C,
D), followed by Flow cytometric evaluation. Cells were also stained with antibodies against
CD127 and KLRG1 to enumerate IL-2 expression by MPECs (E).
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Fig. 8. Degranulation of CD107a in CD8+ T cells
WT and FoxO3a-deficient OT-1 cells as outlined in Fig. 4C were injected into B6.SJL mice
followed by LM-OVA infection. At various time intervals, spleens were removed from
infected mice and spleen cells stimulated with OVA-peptide for 4 h in the presence of
monensin and anti-CD107a antibody. Cells were then stained with anti-CD45.1, anti-
CD45.2 and anti-CD8 antibodies (A, B). Panel A shows the plots at day 8 post-infection.
Cells were also stained with antibodies against CD127 and KLRG1 to enumerate CD107a
expression in MPECs (C) and SLECs (D).
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