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Abstract
During a T cell response, naïve CD8 T cells differentiate into effector cells. Subsequently, a subset
of effector cells termed memory precursor effector cells (MPECs) further differentiates into
functionally mature memory CD8 T cells. The transcriptional network underlying this carefully
scripted process is not well understood. Here, we report that the transcription factor FoxO1 plays
an integral role in facilitating effector to memory transition and functional maturation of memory
CD4 and CD8 T cells. We find that FoxO1 is not required for differentiation of effector cells, but
in the absence of FoxO1, memory CD8 T cells displayed features of senescence and progressive
attrition in polyfunctionality, which in turn led to impaired recall responses and poor protective
immunity. These data suggest that FoxO1 is essential for maintenance of functional CD8 T cell
memory and protective immunity. Under competing conditions in bone marrow chimeric mice,
FoxO1-deficiency did not perturb clonal expansion or effector differentiation. Instead, FoxO1-
deficient MPECs failed to survive and form memory CD8 T cells. Mechanistically, FoxO1
deficiency perturbed the memory CD8 T-cell transcriptome, characterized by pronounced
alterations in the expression of genes that encode transcription factors (including Tcf7), effector
molecules, cell cycle regulators and proteins that regulate fatty acid, purine and pyramidine
metabolism and mitochondrial functions. We propose that FoxO1 is a key regulator that
reprograms and steers the differentiation of effector cells to functionally competent memory cells.
These findings have provided fundamental insights into the mechanisms that regulate the quality
of CD8 T-cell memory to intracellular pathogens.

Introduction
During T cell responses to vaccines or infections, TCR signaling occurring in concert with
co-stimulatory and inflammatory signals stimulate naïve CD8 T cells to clonally expand and
differentiate into effector CD8 T cells (1–2). The resulting heterogeneous population of
effector cells consists of at least two subsets: the terminally differentiated short-lived
effector cells (SLECs) and memory precursor effector cells (MPECs)(3). Upon resolution of
the insult, the majority of the SLECs are lost by apoptosis but MPECs survive and
eventually differentiate into long-lived memory CD8 T cells. Upon re-infection, memory
CD8 T cells rapidly expand and/or develop effector functions, to clear the infection
expeditiously; this is the basis of CD8 T cell memory-dependent protective immunity(4).
The developmental pathway from naïve T cells to fully functional memory CD8 T cells
encompasses two critical differentiation checkpoints. First, is the differentiation of naïve T
cells to effector cells, and second is the differentiation of effector cells to functional memory
CD8 T cells(3). The generation of a protective population of memory T cells depends upon
successful passage through both checkpoints, therefore a thorough understanding of the
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cellular processes underlying these transitions is necessary for the rational development of
strategies to manipulate CD8 T cell memory.

The differentiation to effector cells from naïve T cells is associated with installation of the
effector transcription program driven by transcription factors (TFs) such as T-bet and
Blimp-1 (5–8). This transcriptional program transforms quiescent cells into SLECs and
MPECs. The subsequent differentiation of the MPECs into mature memory T cells occurs
more slowly, over a period of several weeks. It is clear that the installation of a memory-
specific transcriptional program must encompass substantial changes in gene expression (9).
The MPECs, which are present among the effectors at the peak of the response do not yet
possess the attributes that define competent memory CD8 T cells(9). These MPECs lack the
ability to self-renew by cytokine-driven proliferation, do not proliferate upon re-exposure to
the antigen or produce cytokines such as IL-2, and confer poor protective immunity to re-
infection (9). Essentially, the new transcriptional program must facilitate a transition from a
state of cell cycle arrest and highly active cytolytic function to a pseudo-quiescent state
defined by heightened preparedness to rapidly proliferate and/or develop effector functions
upon antigen re-exposure(9). Multiple transcription factors such as TCF-1 and Bcl-6 have
been implicated in the regulation of effector to memory transition (10–12), however the full
transcriptional network governing the functional maturation and maintenance of memory
CD8 T cells remains poorly defined.

In mammals, members of the Forkhead box-O class of TFs collectively referred to as FoxOs
include FoxO1, FoxO3, FoxO4 and FoxO6 (13). The FoxOs play a crucial role in regulating
cellular processes such as proliferation, apoptosis, energy metabolism, and stress resistance
in response to dynamic alterations in stress and abundance of nutrients and growth factors
(14–16). In resting, quiescent cells, FoxOs exist in a hypo-phosphorylated state and localize
to the nucleus to control the transcription of target genes that affect cellular proliferation or
apoptosis (17). However, in response to stimulation with growth factors or cytokines that
stimulate the PI3K/AKT signaling pathway, activated Akt phosphorylates FoxO leading to
its exclusion from the nucleus and degradation by proteolysis in the cytoplasm (18–19).
Consequently, the transcription of FoxO target genes is diminished, which facilitates cell
cycle entry.

T cells express FoxO1 and FoxO3, which play key roles in the maintenance of T-cell
homeostasis (20–21). FoxO3 downregulates the clonal expansion of CD8 T cells during an
acute viral infection by T-cell intrinsic and extrinsic mechanisms (22–23). FoxO1 on the
other hand plays a key role in promoting T-cell quiescence and peripheral tolerance(24–26).
Inactivation of FoxO1 is obligatory for T cells to enter cell cycle and conditional deficiency
of FoxO1 in T cells leads to spontaneous activation of T cells and autoimmunity.
Additionally, FoxO1 protects against autoimmunity by promoting the development and
function of regulatory T cells in the periphery (25, 27). Studies of in vitro-cultured cells
indicate that FoxO1 might play a role in regulating CD8 T cell memory (28), but the
biological significance of such studies has not been clarified yet. Moreover, it is clear that
FoxO1 is important for maintaining T-cell quiescence and survival (24, 26), but its role in
effector to memory transition and survival of memory CD8 T cells is yet to be determined in
vivo. In this manuscript, we have examined the responses of antigen-specific FoxO1-
deficient T cells to an acute viral infection in vivo, under competitive and non-competitive
conditions. By doing so, we have delineated the pivotal roles of FoxO1 in guiding effector to
memory transition, functional maturation and survival of memory CD4 and CD8 T cells and
CD8 T cell memory-dependent protective immunity. Mechanistically, FoxO1 deficiency led
to pronounced dysregulation in the transcriptome of memory CD8 T cells characterized by
altered expression of genes that segregate into specific cellular processes including
transcription (especially TCF-1), cytolytic effector function, proliferation, survival, energy
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homeostasis and mitochondrial metabolism. Based on the data presented in this manuscript
along with published findings (24), we propose that FoxO1 is a key transcription factor that:
(1) governs survival and quiescence of naïve and memory T cells; (2) reprograms the
effector cell program and steers the “de-differentiation” of effector cells to functionally
competent resting memory cells that share several features of naïve T cells. These findings
have advanced our understanding of the transcriptional regulation of naïve and memory T-
cell homeostasis and have implications in the development of vaccines that confer durable
and effective cell-mediated immunity to intracellular pathogens.

Materials and Methods
Mice

Mice with T-cell-specific Foxo1 deletion, designated as FoxO1 −/− were generated by
breeding CD4-Cre mice (Taconic Farms) with FoxO1f/f mice, which were a gift from Dr. A.
DePinho (Dana-Farber Cancer Institute). FoxO1f/f mice were generated as previously
reported (29). The CD4-Cre transgenic mouse strain expresses Cre recombinase under the
control of the CD4 tissue-specific promoter. The presence of the Cre transgene and the
absence of the FoxO1 protein were confirmed by PCR and flow cytometry respectively. All
experiments were conducted in accordance with the approved protocols of the institutional
animal care committee.

Viral infections
Mice that are 6 to 8 weeks old were infected intraperitoneally (i.p.) with 2 × 105 PFU
Armstrong strain of LCMV to induce acute infection. LCMV-immunized mice were
challenged with Clone 13 strain of LCMV intravenously at a dose of 2 × 106 PFU and
infectious LCMV was quantified by a plaque assay on Vero cells, as described previously
(30).

Flow cytometry and cell surface staining
Single-cell suspensions of mononuclear cells from spleen were prepared using standard
procedures. MHC class I tetramers, specific for the LCMV epitopes Db/NP396–404 and Db/
GP33–41, were prepared and used as previously described (31). Briefly, cells were stained
with anti-CD8 (RPA-T8) and MHC class I tetramers. In some experiments, cells were co-
stained with anti-CD44 (IM7), anti-CD62L (MEL-14), anti-KLRG-1 (2F1), anti-CD127
(A7R34), anti-CD122 (TM-Beta 1), anti-CD27 (LG.3A10), anti-LFA-1 (2D7), anti-CD45.1
(Ly5.1) (A20), and anti-CD45.2 (Ly5.2) (104). All Abs were purchased from BD
Biosciences or eBioscience except the anti-KLRG-1 Ab (Southern Biotech). Samples were
analyzed on a FACSCalibur or LSRII flow cytometer (BD Biosciences), and data were
analyzed using FlowJo software (Tree Star).

Intracellular staining for cytokines and granzyme B
For intracellular cytokine staining, splenocytes were stimulated ex vivo with LCMV epitope
peptides NP396 or GP33 in the presence of IL-2 and Brefeldin A (BD Biosciences) for 5hr
at 37°C. After culture, cells were stained for cell surface molecules and intracellular IFN-γ
(XMG1.2), TNF-α (MP6-XT22), and IL-2 (JES6-5H4), using Cytofix/Cytoperm
intracellular staining kit (BD Biosciences). To stain for intracellular Gznb, splenocytes were
stained for cell surface molecules and subsequently permeabilized and stained for
intracellular proteins using anti-Gznb (GB11) Ab (Invitrogen).
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Staining for intracellular proteins
Splenocytes were stained with anti-CD8 in conjunction with MHC class I tetramers.
Following surface staining, cells were fixed, lysed and washed using the PhosFlowKit (BD
Biosciences). Cells were subsequently stained for intracellular proteins FoxO1 (C29H4),
TCF1 (C63D9) (Cell Signaling Technology), EOMES (Dan11mag) and T-bet (eBIO-4B10;
eBioscience), Bcl-6 (K112-91) and Bcl-2 (Bcl-2/100; BD Biosciences); and protein specific
(BD Biosciences) or IgG isotype (DA1E) control Abs (Cell Signaling Technology).

BrdU staining
To assess in vivo proliferation of antigen-specific cells, LCMV-immune mice were
administered BrdU (MP Biomedicals), 1.5 mg once i.p. and subsequently (0.8mg/ml) in
drinking water for 8 days. On day 9 after the initiation of BrdU administration, splenocytes
were stained with anti-CD8 in conjunction with MHC class I tetramers and BrdU, using a
BrdU staining kit (BD Biosciences) according to the manufacturer’s recommendations.

Mitochondria and DiOC6 staining
To assess mitochondrial content and potential, single-cell suspensions of mononuclear cells
from spleen of LCMV immune mice were stained with, anti-CD8, MHC class I tetramers
and co-stained with MitoTracker and DiOC6 (Invitrogen) (32). Staining was according to
manufacturer’s recommendations. Briefly, 100ul of 100nM MitoTracker and 40nM of
DiOC6 was incubated with cells at 37°C for a half hour. This was followed by a half hour
surface staining with anti-CD8 and Db/NP396 tetramers.

Generation of bone marrow chimeras
Bone marrow cells (BMCs) were collected by flushing the femurs and tibias from WT and
FoxO1 −/− mice with RPMI 1640 media. Single-cell suspensions of BMCs were depleted of
T cells using anti-CD5 microbeads (Milteny Biotec). A 1:1 mixture of 7.5 × 106 T cell-
depleted BMCs from WT (Ly5.1) and WT (Ly5.2) or FoxO1 −/− (Ly5.2) mice were
adoptively transferred into lethally irradiated (900 rads) WT Rag1-deficient (Rag1−/−) mice.
Bone marrow-reconstituted Rag1−/− mice were treated with neomycin (0.025 mg/ml) and
polymyxin B (.013 mg/ml; Sigma-Aldrich) in drinking water for up to 6 weeks.
Reconstitution of the lymphoid system by the donor BMCs were assessed at 6 weeks and
mice were infected with LCMV 8 weeks after cell transfer.

Transcriptome analysis by microarray
Single-cell suspensions from splenocytes of WT and FoxO1−/− LCMV-immune mice were
prepared using standard procedures. CD8 T cells were then isolated using Thy1.2 (CD90.2)
(30-H12) microbeads (Miltenyi Biotec). Cells were then stained with anti-CD8 and Db/
NP396 MHC class I tetramers. Virus-specific CD8 T cells were sorted using FACSAria II
instrument (BD Biosciences). The purity of the cells was >95%. Total RNA was extracted
from the sorted cells by TRIzol Reagent. RNA samples were reverse transcribed and Cy3-
labeled cDNAs were hybridized to Agilent whole Mouse Genome Oligo Microarrays.
Fluorescence signals were detected using Agilent’s Microarray Scanner system, data was
analyzed using the Rosetta Resolver gene expression data analysis system and genes with a
fold change >2 and p-value≤0.01 were identified. The data discussed in this publication have
been deposited in NCBI’s Gene Expression Omnibus and are accessible through GEO Series
accession number GSE45673 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE45673). Gene clusters were identified using the DAVID functional annotation tool
(33–34). Pathways that were significantly affected by the loss of FoxO1 were identified
using the Partek® software, version 6.6 Copyright © 2012, Partek Inc., St. Louis, MO, USA.
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Statistical methods
SEM and p-values were determined using Prism software (GraphPad Software, Inc.). P-
values were calculated using Student’s t test and significance was defined at p≤0.05.

Results
Clonal expansion and effector differentiation of FoxO1-deficient CD8 T cells

Here, using T cell-specific conditional FoxO1-deficient (FoxO1−/−) mice, we investigated
the extent to which FoxO1 regulates antigen-driven proliferative expansion and
differentiation of effector CD8 T cells following an acute lymphocytic choriomeningitis
virus (LCMV) infection in mice. At 6–8-weeks of age, FoxO1 deficiency in T cells did not
significantly alter the size of the CD8 T-cell compartment in uninfected mice (Supplemental
Fig. 1). At day 8 post-infection (PI) with LCMV, conditional deletion of FoxO1 in T cells
minimally altered the numbers of CD8 T cells in spleens (Fig. 1A and 1B). Likewise the
percentages and total number of CD8 T cells that are specific to the immunodominant
epitopes, NP396–404 (NP396) and GP33–41 (GP33) were comparable in wild type (WT)
and FoxO1−/− mice (Fig. 1C and 1D). These findings suggested that FoxO1 deficiency did
not significantly affect the accumulation of LCMV-specific CD8 T cells in vivo, during an
acute viral infection.

Next, we evaluated the ability of LCMV-specific effector CD8 T cells from WT and
FoxO1−/− mice to produce IFN-γ upon antigen stimulation ex vivo at day 8 PI. CD8 T cells
from both WT and FoxO1−/− mice produced readily detectable levels of IFN-γ upon
stimulation with the cognate antigenic peptide and the percentages or total number of IFN-
γ-producing epitope-specific CD8 T cells were not significantly different between WT and
FoxO1−/− mice (Fig. 2A and 2B). However, the amounts of IFN-γ produced (based on
measurement of mean fluorescent intensity [MFI]) by FoxO1-deficient effector CD8 T cells
were significantly lower than those produced by WT effector CD8 T cells (Fig. 2C). We also
measured the ability of LCMV-specific CD8 T cells to produce TNF-α and IL-2. The
fraction of IFN-γ-producing CD8 T cells that also produced TNF-α and IL-2 was similar
(1–3% and 2–4% for NP396-specific and GP33-specific CD8 T cells respectively) for
LCMV-specific CD8 T cells from WT and FoxO1−/− mice. As a surrogate index for the
cytolytic function of effector CD8 T cells, we quantified granzyme B (Gznb) levels in
LCMV-specific CD8 T cells directly ex vivo (Fig. 2D). Interestingly, the levels of Gznb in
CD8 T cells from FoxO1−/− mice were substantially greater than in effector CD8 T cells
from WT mice. Thus, T cell-specific loss of FoxO1 dysregulated the expression of effector
molecules IFN-γ and Gznb in CD8 T cells. However, infectious LCMV was below the
levels of detection in tissues of both WT and FoxO1−/− mice by day 8 PI.

The population of LCMV-specific effector CD8 T cells that is present at the peak of clonal
expansion (i.e. day 8 PI) consists of two distinct subsets based on the differential expression
of CD127 (the IL-7R) and KLRG-1 (senescence marker): the SLECs (CD127Lo/KLRG-1Hi)
and MPECs (CD127Hi/KLRG-1Lo) (6). At day 8 PI, as expected, a large fraction the WT
and FoxO1−/− effector CD8 T cells expressed the SLEC phenotype. While 3–5% of effector
CD8 T cells displayed the MPEC phenotype in the WT mice, prototypical MPECs were
hardly detectable among effector CD8 T cells from FoxO1−/− mice (Fig. 3A). Our inability
to detect MPECs in FoxO1−/− mice was due to loss of CD127 expression on effector CD8 T
cells, and not linked to loss of MPECs per se. This is because MPECs in FoxO1−/− mice
were still detectable as CD127Lo/KLRG-1Lo subset. The loss of CD127 expression on
FoxO1−/− CD8 T cells was expected because FoxO1 is required for full expression of
CD127 in T cells(26). Since, CD127 expression was defective in FoxO1−/− effector CD8 T
cells, we used KLRG-1 expression alone to distinguish MPECs and SLECs (Fig. 3A). The
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total numbers of MPECs and SLECs in FoxO1−/− mice were comparable to those in WT
mice. Additionally, FoxO1−/− effector CD8 T cells displayed only a slight increase in the
expression of T-bet, compared to WT effector CD8 T cells (Fig. 3B). Further, FoxO1
deficiency had no detectable effect on EOMES protein levels in LCMV-specific effector
CD8 T cells (Fig. 3C). These data led to the inference that FoxO1 deficiency did not
significantly affect the differentiation of SLECs and MPECs during an acute LCMV
infection. We also investigated whether FoxO1 deficiency affected the cell surface
phenotype of LCMV-specific effector CD8 T cells at day 8 PI (Fig. 3D). As expected
LCMV-specific effector CD8 T cells in WT mice displayed the
CD44HiCD27HiCD127LoCCR7Lo phenotype (Fig. 3D). Notably, LCMV-specific effector
CD8 T cells from FoxO1−/− mice expressed lower levels of CD44 and CD27, as compared
to their WT counterparts; the expression levels of other molecules were largely similar in
WT and FoxO1−/− effector CD8 T cells (Fig. 3D).

Impaired memory CD8 T cell differentiation in the absence of FoxO1
After day 8 PI, in the ensuing 3–4 weeks, MPECs embark on a differentiation program that
guides effector to memory transition, which signifies a switch from a state of immediate
cytolytic effector function to a resting but poised state that enables these cells to clonally
expand and rapidly develop effector functions upon re-exposure to antigen(35).
Additionally, effector to memory transition for CD8 T cells entails the acquisition of
canonical memory features such as the high proliferative potential and cytokine-driven self-
renewal (9). First, we assessed whether FoxO1 regulates differentiation of MPECs into fully
functional memory CD8 T cells. At day 60 PI, the frequencies and total numbers of LCMV-
specific memory CD8 T cells in FoxO1−/− mice were comparable to those in WT mice (Fig.
4A and 4B). Thus, FoxO1 deficiency did not affect the magnitude of CD8 T-cell memory.

Effector to memory transition also includes enrichment for CD127Hi/KLRG-1Lo cells and it
was of interest to determine whether FoxO1 deficiency disrupted transition into memory
cells. At day 60 PI, as expected, 60–80% of LCMV-specific memory CD8 T cells in WT
mice displayed the CD127Hi/KLRG-1Lo phenotype (Fig. 4C). In striking contrast, only 40–
50% of memory CD8 T cells in FoxO1−/− mice expressed the CD127Hi/KLRG-1Lo

phenotype, and the remaining 30–50% of the cells exhibited the terminally differentiated/
senescent CD127Lo/KLRG-1Hi phenotype (Fig. 4C). Notably, regardless of CD127
expression, memory CD8 T cells from FoxO1−/− mice expressed significantly higher levels
of KLRG-1, which is highly suggestive of a senescent state (Fig. 4C). Further, the
expression of several cell surface molecules was dysregulated in memory CD8 T cells from
FoxO1−/− mice (Fig. 4D). FoxO1−/− memory CD8 T cells displayed substantially reduced
levels of cell surface CD127, CD62L and CCR7 as compared to their WT counterparts.
Thus, as in naïve T cells(26), FoxO1 is required for full expression of CD127, CD62L and
CCR7 on memory CD8 T cells. In contrast to CD127, the cell surface expression of CD122
was minimally altered on FoxO1−/− memory CD8 T cells. Interestingly, CD44 levels on
FoxO1−/− memory CD8 T cells were considerably lower than in WT memory CD8 T cells.
Significantly, the expression of CD27, a molecule implicated in protective immunity was
also substantially reduced in FoxO1−/− memory CD8 T cells (Fig. 4D) (36). The overall cell
surface phenotype of FoxO1−/− memory CD8 T cells is highly suggestive of disrupted
memory differentiation (37). Collectively, these data suggested that FoxO1 plays a crucial
role in facilitating effector to memory transition during an acute viral infection.

Functional maturation of memory CD8 T cells is associated with the acquisition of the
ability to produce multiple cytokines including IFN-γ, TNF-α and IL-2. To assess the effect
of FoxO1 deficiency on the cytokine-producing functions of memory CD8 T cells, we
quantified antigen-induced cytokine production, at day 60 PI. The total numbers of epitope-
specific IFN-γ-producing CD8 T cells in FoxO1−/− mice were not significantly different, as
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compared to those in WT mice (Fig. 5A). Notably, however, FoxO1-deficient memory CD8
T cells produced significantly lower levels of IFN-γ than WT memory CD8 T cells (Fig.
5B). Furthermore, while 20–30% of IFN-γ-producing CD8 T cells also produced TNF-α
and IL-2 in the WT mice, only 2% of FoxO1−/− memory CD8 T cells co-produced all the
three cytokines (Fig. 5C). Taken together, these data strongly suggested that FoxO1 plays a
non-redundant role in promoting polycytokine production and functional maturation of
memory CD8 T cells. A hallmark feature of memory CD8 T cells is their ability to self
renew by IL-7 and/or IL-15-driven proliferation (38). LCMV-immune WT and FoxO1−/−
mice were administered BrdU and cytokine-driven proliferation of memory CD8 T cells was
assessed by flow cytometry. These in vivo BrdU incorporation studies showed that the
proliferative renewal of LCMV-specific memory CD8 T cells in FoxO1−/− mice was similar
to those in WT mice (Fig. 5D).

FoxO1 actively maintains functional CD8 T cell memory and secondary responses in
FoxO1−/− mice

To better understand the role of FoxO1 in regulating the generation and maintenance of
functional CD8 T cell memory, we performed a detailed kinetic analysis of LCMV-specific
CD8 T cells using MHC I tetramers and intracellular cytokine staining. Enumeration of
LCMV-specific CD8 T cells by MHC I tetramers and intracellular staining for IFN-γ
showed that the overall kinetics of the CD8 T cell response in WT and FoxO1−/− mice was
largely similar (Fig. 6A and 6B). The numbers of polycytokine-producing LCMV-specific
CD8 T cells (cells that produced IFN-γ, TNF-α and IL-2) remain relatively stable ensuing
the resolution of an acute LCMV infection in WT mice (Fig. 6C). In striking contrast, there
was a gradual attrition in the number of polycytokine-producing memory CD8 T cells in
FoxO1−/− mice. These data suggested that FoxO1 is required for maintenance of functional
CD8 T cell memory following an acute viral infection.

Unlike an acute infection with Armstrong strain of LCMV, infection of immunocompetent
mice with Clone 13 strain of LCMV results in a chronic infection lasting up to 6 months
(30). However, in mice that have recovered from an acute infection with the Armstrong
strain of LCMV, memory CD8 T cells undergo rapid secondary expansion, differentiate into
effector cells and resolve LCMV-Clone 13 within 5 days after challenge (39). To assess the
role of FoxO1 in regulating secondary expansion of memory CD8 T cells and protective
immunity, WT and FoxO1−/− mice were immunized with LCMV-Armstrong. At 45–60
days after immunization, LCMV-immune mice were challenged with LCMV-Clone 13 and
secondary CD8 T cell responses and viral control was assessed at day 5 after challenge. As
shown in Fig. 6D, LCMV-specific memory CD8 T cells in WT mice exhibited robust
secondary expansion. However, the numbers of LCMV-specific CD8 T cells in spleen (Fig.
6D) of FoxO1−/− mice were significantly lower than in WT mice. Importantly, only 1 of 8
WT mice had detectable infectious LCMV in the kidneys, but kidneys of 6 of 11 FoxO1−/−
mice contained infectious LCMV at day 5 after challenge (Fig. 6D). Thus, the development
and/or maintenance of functional CD8 T-cell memory, secondary expansion and protective
immunity require FoxO1 in T cells.

FoxO1 regulates the function of effector and memory CD4 T cells
Results presented so far clearly illustrated a non-redundant role for FoxO1 in the
maintenance of functional CD8 T cell memory. It was of interest to explore whether
conditional deficiency of FoxO1 exerted similar effects on the functions of effector and
memory CD4 T cells. The numbers of IFN-γ-producing LCMV-specific effector CD4 T
cells in spleen of FoxO1−/− mice were comparable to those in WT mice at day 8 PI, which
suggested that the expansion of CD4 T cells was largely unaffected by FoxO1 deficiency
(Fig. 7A). Additionally, the levels of IFN-γ induced in FoxO1−/− effector CD4 T cells were
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not significantly different than in WT CD4 T cells (Fig. 7B). However, the percentages of
polycytokine-producing LCMV-specific effector CD4 T cells in FoxO1−/− mice were lower
than in WT mice (Fig. 7C). At day 60 PI, the numbers of IFN-γ-producing LCMV-specific
memory CD4 T cells in spleen of FoxO1−/− mice were similar to those in WT mice (Fig.
7D). Notably however, in comparison to WT CD4 T cells, memory CD4 T cells in FoxO1−/
− mice produced substantially lower levels of IFN-γ (Fig. 7E). A large fraction of WT IFN-
γ-producing memory CD4 T cells also produced TNF-α and IL-2, but the ability of
FoxO1−/− memory CD4 T cells to produce all the three cytokines was significantly
diminished (Fig. 7F). Taken together, these findings suggested that FoxO1 controls the
functions of memory CD4 T cells without affecting their number, at least under non-
competitive conditions.

FoxO1 deficiency dysregulates the transcriptome of memory CD8 T cells
Although target genes for FoxO1 have been identified in naïve and regulatory T cells(24,
40), the constellation of genes controlled by FoxO1 in memory CD8 T cells is yet to be
determined. To gain insight into the transcriptional basis of FoxO1 actions in memory CD8
T cells, we compared the transcriptome of WT and FoxO1−/− NP396-specific bonafide
memory CD8 T cells by microarray analysis. Remarkably, >6,000 genes were
downregulated and >5,000 genes were significantly (P<0.01) up-regulated >2-fold in
FoxO1−/− memory CD8 T cells, as compared to those in WT memory CD8 T cells. In
particular, loss of FoxO1 led to altered expression of a substantive number of transcription
factors, cytolytic effector molecules, cell cycle regulators, molecules involved in the Wnt
signaling pathway, cytokine receptors, cytokines and chemokines, energy homeostasis and
mitochondria (Table 1). Consistent with the reported role for FoxO1 in inducing the
expression of IL-7R (CD127), CD62L (Sell) and CCR7 in naïve CD8 T cells (24),
expression of mRNAs encoding these molecules were significantly lower in FoxO1−/−
memory CD8 T cells (Table 1). To further delineate the cellular processes or pathways that
are potentially affected by FoxO1 deficiency, we performed gene expression pathway
analysis for the set of genes that were downregulated or upregulated by at least 3-fold in
FoxO1−/− memory CD8 T cells. The putative FoxO1-regulated genes were strongly
represented in the PI3K/AKT, insulin and Wnt signaling pathways (Supplemental Fig. 2A–
2C). Additionally, FoxO1 deficiency altered the expression of genes that are associated with
pathways that regulate the metabolism of fatty acids (Supplemental Fig. 2D), purines
(Supplemental Fig. 2E) and pyrimidines (Supplemental Fig. 2F). Taken together, these data
suggested that FoxO1 regulate several facets of cellular functions including transcription,
signaling and metabolism in memory CD8 T cells.

T cell-intrinsic FoxO1 is not required for clonal expansion but necessary for survival of
memory CD8 T cells under competitive conditions

So far, studies in T cell-specific FoxO1 conditional knockout mice illustrated that FoxO1-
deficient memory CD8 T cells can survive, albeit in a functionally compromised state
indefinitely. It is noteworthy that the levels of transcription factor TCF-1 in FoxO1−/−
memory CD8 T cells were markedly lower than in WT memory CD8 T cells (Table 1).
Since TCF-1-deficient memory CD8 T cells fail to persist, especially under competitive
conditions (i.e. in the presence of TCF-1-sufficient WT memory CD8 T cells) (10), we
hypothesized that the impaired expression of TCF-1 in FoxO1−/− memory CD8 T cells
(Table 1 and Fig. 5E) would compromise the survival of these cells under competitive
conditions. To test this hypothesis, we generated mixed bone marrow chimeras by
reconstituting lethally irradiated RAG-1-deficient or Ly5.1/B6 mice with a mixture of T
cell-depleted bone marrow cells from WT/Ly5.1 and WT/Ly5.2 or FoxO1−/−/Ly5.2 mice.
Control chimeras (CCs) harbor T cells derived from WT/Ly5.1 and WT/Ly5.2 mice and
experimental chimeras (ECs) contain T cells derived from WT/Ly5.1 and FoxO1−/−/Ly5.2
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mice. CCs and ECs were infected with LCMV and virus-specific CD8 T cells were
quantified at days 8 and 45 PI. At day 8 PI, in the CCs, the percentages of LCMV-specific
CD8 T cells among WT/Ly5.1 or WT/Ly5.2 CD8 T cells were comparable (Fig. 8A).
Likewise, in ECs, the percentages of LCMV-specific CD8 T cells within the population of
WT/Ly5.1 or FoxO1−/−/Ly5.2 CD8 T cells were similar at day 8 PI. Additionally Gznb
levels in LCMV-specific FoxO1−/− CD8 T cells (MFI of 183) were similar to those in WT/
Ly5.1 (MFI of 176) CD8 T cells. Taken together, these data suggested that clonal expansion
and effector differentiation of FoxO1−/− CD8 T cells occurred normally in the competitive
environment of the chimeric mice. Next, we quantified LCMV-specific CD8 T cells at day
45 PI to assess whether FoxO1 was required for generation and maintenance of memory
CD8 T cells under competitive conditions. As shown in Fig. 8A, at day 45 PI, the
percentages of LCMV-specific memory CD8 T cells among WT/Ly5.1 and WT/Ly5.2 in
CCs and WT/Ly5.2 CD8 T cells in ECs were largely similar. Strikingly, however, the
percentages of LCMV-specific memory CD8 T cells among FoxO1−/−/Ly5.2 CD8 T cells
in ECs were significantly lower, as compared to WT/Ly5.1 or WT/Ly5.2 CD8 T cells (Fig.
8A). The diminished ability of FoxO1−/− memory CD8 T cells to persist was associated
with significant reduction in the expression of Bcl-2 (Fig. 8B). Thus, under competitive
conditions, clonal expansion and effector differentiation of FoxO1−/− CD8 T cells occurred
normally, but memory CD8 T cells displayed poor survival in the absence of FoxO1.

Next we determined the extent to which FoxO1 regulated the functional maturation of
memory CD8 T cells by cell-intrinsic mechanisms. CCs and ECs were infected with LCMV
and at day 50 PI, cytokine-producing ability of WT and FoxO1−/− memory CD8 T cells in
CCs and ECs was assessed by intracellular cytokine staining. In the CCs, WT/Ly5.1 and
WT/Ly5.2 LCMV-specific memory CD8 T cells produced comparable levels of IFN-γ,
upon antigenic stimulation ex vivo (Fig. 8C); MFIs for IFN-γ were comparable for WT/
Ly5.1 and WT/Ly5.2 CD8 T cells. IFN-γ production by WT/Ly5.1 memory CD8 T cells in
the ECs were similar to their counterparts in the CCs. Notably, in the ECs, IFN-γ production
by FoxO1−/−/Ly5.2 memory CD8 T cells was significantly lower, as compared to WT/
Ly5.1/Ly5.2 memory CD8 T cells (Fig. 8C). In CCs the percentages of triple cytokine-
producing cells among LCMV-specific memory CD8 T cells were comparable for WT/
Ly5.1 and WT/Ly5.2. By contrast, the percentages of triple cytokine-producing cells among
LCMV-specific FoxO1−/−/Ly5.2 memory CD8 T cells were substantially lower, in
comparison to WT/Ly5.1 or WT/Ly5.2 memory CD8 T cells (Fig. 8C). Based on these
findings, we inferred that FoxO1 regulates functional maturation of memory CD8 T cells by
cell-intrinsic mechanisms.

Discussion
The activity of FoxO1/O3 in antigen-specific CD8 T cells is controlled in a dynamic fashion
in vivo, during an acute viral infection (22) and FOXO3 limits the clonal expansion of CD8
T cells in vivo by promoting the apoptosis of proliferating cells (22–23). There is convincing
evidence that FoxO1 is a master regulator of the survival, trafficking and quiescence of
naïve T cells (13). Data presented in this manuscript ascribes crucial cell intrinsic roles for
FoxO1 in governing two distinct aspects of CD8 T cell memory: functional maturation of
memory CD8 T cells from effector cells and the survival of memory CD8 T cells.

Accruing evidence supports the linear differentiation model for development of memory
CD8 T cells (1). This model posits that naïve CD8 T cells differentiate into effector cells,
which subsequently transition into long-lived functionally competent memory CD8 T
cells(41). The effector to memory transition involves dramatic alterations in gene
expression, metabolism and functions (including loss of active cytolytic functions and
acquisition of proliferative potential, poly-functionality and the ability to self renew) (9)
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culminating in the establishment of a distinct cellular state that appears to be intermediate
between naïve and effector cells (42). We refer effector to central memory transition as ‘de-
differentiation’ because, during this transition, memory cells reacquire several features of
naïve T cells such as quiescence, lack of cytolytic activity, ability to traffic to the secondary
lymphoid organs and catabolic metabolism by fatty acid oxidation (3). The results presented
here illustrate that the de-differentiation of effector to memory CD8 T cells is important for
recall responses and protective immunity, and that this process requires FoxO1. Therefore,
we propose that FoxO1-dependent overlapping mechanisms control the homeostasis of
naïve and memory CD8 T cells. In the absence of FoxO1, memory CD8 T cells display a
multitude of phenotypic, proliferative and functional deficits that impair their ability to
confer protective immunity.

Previous work show that FoxO1-deficient CD8 single-positive thymocytes express elevated
levels of T-bet, IFN-γ and gznb upon TCR stimulation in vitro (28), which suggested an
inhibitory role for FoxO1 in effector differentiation and function. However, in our studies,
we find that FoxO1−/− effector CD8 T cells contained greater levels of Gznb but produced
lower levels of IFN-γ, as compared to WT effector CD8 T cells. In the present study,
however, altered effector functions in FoxO1−/− effector cells and dysregulation of CD8 T
cell memory in FoxO1−/− mice can not simply be linked to either elevated expression of T-
bet or diminished expression of EOMES. It is worth emphasizing that in the absence of
FoxO1, memory CD8 T cells display progressive loss of polycytokine producing ability,
which suggests that continuous FoxO1 activity might be necessary for the maintenance of
the full spectrum of effector functions in memory CD8 T cells. This inference needs to be
confirmed by utilizing a mouse model that will enable inducible ablation of FoxO1
expression in fully differentiated memory CD8 T cells.

The molecular mechanisms underlying the actions of FoxO1 in regulating the effector to
memory transition and functional maturation of memory CD8 T cells is complex but the
spectrum of genes dysregulated in FoxO1−/− memory CD8 T cells stratifies into distinct
cellular processes such as transcription, survival, proliferation, effector function and cellular
metabolism, which collectively define the distinct differentiation state of functionally
competent memory CD8 T cells. Significantly, memory CD8 T cells in FoxO1−/− mice
express higher levels of mRNA for cytolytic effector molecules including Gznb, granzyme
A and perforin, as compared to those in WT memory CD8 T cells (Table 1). These data are
consistent with the idea that FoxO1 is required for downregulation of effector functions and
effector to memory transition following viral clearance during an acute infection. Although,
higher induction of effector molecules in FoxO1−/− thymocytes has been attributed to
elevated levels of T-bet (28), continued expression of effector molecules in in vivo-
generated FoxO1−/− memory CD8 T cells did not include substantively altered expression
of T-bet or EOMES mRNA (Table 1). This finding raises the possibility that other FoxO1-
regulated transcription factors are involved in downregulating effector functions and
enforcing effector to memory transition of CD8 T cells.

Among transcription factors, notably, the markedly diminished expression of Tcf7 gene
(encodes TCF-1) in FoxO1−/− memory CD8 T cells could be of particular significance. This
is because the effects of TCF-1 deficiency on memory CD8 T cells are remarkably similar to
those of FoxO1 deficiency, especially the impairment in effector to memory transition (10).
Similar to FoxO1−/− memory CD8 T cells, TCF-1-deficient memory CD8 T cells display
poor proliferative potential, inability to produce IL-2, and elevated levels of Gznb (10–11).
We propose that one mechanism by which FoxO1 promotes effector to memory transition
and functional maturation of functional CD8 T cell memory is by inducing TCF-1. It is
likely that Tcf7 is a direct target gene for FoxO1 in memory CD8 T cells because recent
CHIP-seq analysis has demonstrated FoxO1 binding to the intergenic region of the Tcf7
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gene in regulatory T cells (40). Bach2 is considered as a B-cell specific transcription factor
that promotes the maintenance of B cell identity by opposing terminal differentiation of B
cells to plasma cells (43). However, it has been recently reported that Bach2 might also be
expressed in T cells and it is noteworthy that MPECs express higher levels of Bach2 than in
SLECs (44–45). Additionally, our own inspection of the previously published microarray
data from Badovinac and Harty’s group indicate that terminal differentiation of CD8 T cells
induced by repetitive antigenic exposure leads to diminished Bach2 expression in memory
CD8 T cells (46). It remains to be determined whether FoxO1 regulates effector to memory
transition by inducing Bach2.

Interestingly, the expressions of FoxM1 and Foxp4 genes show substantial reduction in
FoxO1−/− memory CD8 T cells (Table 1). FoxM1 appears to be important for T cell
proliferation and impaired FoxM1 expression might diminish the proliferative potential of
FoxO1−/− memory CD8 T cells (47). Loss of Foxp4 has been reported to impair cytokine
production by LCMV-specific CD4 T cells (48), but the role of Foxp4 in regulating CD8 T
cell memory is yet to be determined. The reduced recall response of FoxO1−/− memory
CD8 T cells is also associated with diminished levels of cyclins (A2, D1 and F) and
increased expression of anti-proliferative cyclin-dependent kinase inhibitors (p15INK4B,
p18INK4c and p57Kip2) (Table 1).

As compared to apoptosis-prone effector cells, memory CD8 T cells possess greater
mitochondrial respiratory capacity and mitochondrial metabolism might play a pivotal role
in governing the health of memory CD8 T cells (49). Notably, we find that a substantial
number of genes associated with mitochondrial metabolism including ATP synthases and
NADH dehydrogenases are dysregulated in FoxO1−/− memory CD8 T cells (Table 1).
Additionally, the mitochondrial mass and membrane potential in FoxO1−/− memory CD8 T
cells are lower than in WT memory CD8 T cells (Supplemental Figure 3); lower
mitochondrial potential is considered as a sign of poor mitochondrial health (32, 49). These
data suggest that FoxO1 might promote the maintenance of memory CD8 T cells by
enhancing mitochondrial biogenesis and membrane potential, which in turn would be
expected to increase the mitochondrial spare capacity (49) that is critical for memory cells to
rapidly proliferate and develop effector functions upon reinfection.

To reiterate, similar to FoxO1deficiency, loss of either TCF-1 or Bcl-6 disrupts effector to
memory transition and functional maturation of memory CD8 T cells during acute viral or
intracellular bacterial infections (10, 12). While Bcl6 expression appears to be regulated by
the IL-21/STAT-3 signaling pathway, we have reported that the PI3K/AKT pathway
controls TCF-1 expression in CD8 T cells (12, 45). Here, we demonstrate that TCF-1
expression is markedly diminished in FoxO1−/− memory CD8 T cells and it is likely that
Tcf7 is a direct target gene for FoxO1 (40). TCF-1 is believed to promote CD8 T-cell
memory by inducing the transcription factor EOMES (10), but we find that FoxO1
deficiency-induced loss of TCF-1 is not associated with substantively reduced EOMES
expression in effector or memory CD8 T cells. Perhaps, the residual levels of TCF-1 in
FoxO1−/− memory CD8 T cells is sufficient to stimulate transcription of EOMES or TCF-1
might regulate functional maturation of CD8 T cell memory by mechanisms independent of
EOMES. Intriguingly, loss of FoxO1 did not affect Bcl-6 expression in memory CD8 T
cells, which implies that the induction of Bcl6 expression by IL-21/STAT-3 signaling
pathway may not require FoxO1. Since either FoxO1 or Bcl-6 deficiency is sufficient to
abrogate functional maturation of memory CD8 T cells, we speculate that FoxO1 by itself or
FoxO1-induced factor(s) cooperatively function with Bcl-6 to facilitate the development of
competent memory CD8 T cells.
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The persistence of naïve T cells in the periphery requires signaling via the IL-7R and TCR,
but only IL-7R signaling and not TCR/MHC I interactions is obligatory for survival of
memory CD8 T cells (38, 50). As established for naïve T cells, we find that full expression
of IL-7 receptor on memory CD8 T cells also requires FoxO1, and FoxO1−/− memory CD8
T cells fail to persist alongside WT T cells in a competitive environment. Future studies will
determine whether transgenic expression of IL-7R would be sufficient to restore the survival
of FoxO1−/− memory CD8 T cells. Nevertheless, it is clear that FoxO1-induced IL-7R
expression is a common denominator that promotes persistence of both naïve and memory
CD8 T cells. Which signaling pathway regulates FoxO activity and survival of memory CD8
T cells? We have reported that in CD8 T cells, the serine threonine kinase AKT functions as
a signal integrator for biochemical pathways triggered by the engagement of the TCR and
exposure to cytokines such as IL-2 (45). Further, we have shown that sustained activation of
AKT results in phosphorylation of FoxO1, downregulated expressions of IL-7R and TCF-1,
and impaired survival of memory CD8 T cells (45). Here, we show that FoxO1 deficiency
alone is sufficient to downregulate TCF-1/IL-7R expression and impair the survival of
memory CD8 T cells. Thus, one mechanism by which AKT regulates TCF-1 expression and
survival of memory CD8 T cells is by phosphorylation and inactivation of FoxO1. Future
work will elucidate whether transgenic expression of TCF-1 would restore the survival of
FoxO1−/− memory CD8 T cells and TCF-1 expression requires IL-7R signaling.

Does FoxO1 control functional maturation of memory CD8 T cells by cell-intrinsic
mechanisms? This is an important question because CD4 T cells are known to promote the
maintenance of protective memory CD8 T cells (51–52) and LCMV-specific memory CD4
T cells are dysregulated in FoxO1−/− mice. Therefore the possibility exists that impairment
of memory CD8 T cells in FoxO1−/− mice could result from dysregulated CD4 T cell
responses and not from cell-intrinsic loss of FoxO1. In our studies that employed mixed
bone marrow chimeras, we find that only FoxO1−/− but not WT LCMV-specific memory
CD8 T cells display substantial functional impairment (lower production of IFN-γ and loss
of polycytokine-producing ability). Thus, it is clear that FoxO1 controls functional
maturation of memory CD8 T cells largely by cell-intrinsic mechanisms and not indirectly
via the CD4 T cells.

In summary, we report that FoxO1 functions as a key regulator of functional CD8 T cell
memory by governing diverse cellular processes, which promote the survival, metabolism,
functions, and recall responses of memory CD8 T cells. These findings have provided
critical mechanistic insights that have advanced our fundamental understanding of the
mechanisms underlying the homeostasis of memory CD8 T cells. These findings are
expected to have significant implications for the development of strategies to modulate
FoxO1 activity in T cells, in order to enhance vaccine-induced CD8 T cell memory.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Activation and expansion of CD8 T cells in FoxO1−/− mice
Groups of WT and FoxO1 −/− mice were infected with LCMV. On day 8 after infection,
splenocytes were stained with anti-CD8 and anti-CD44 antibodies, Db/NP396 and Db/GP33
tetramers. A and B, Bar graphs show the percentages and total number of CD8 T cells in
spleen on day 8 PI. C, Flow cytometry plots are gated on total splenocytes and the numbers
are the percentages of tetramer-binding CD8 T cells among splenocytes. D, Bar graph shows
the total number of LCMV-specific CD8 T cells. Data are the mean ± SEM and
representative of at least 3 independent experiments.
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Figure 2. Effector functions of FoxO1−/− CD8 T cells
At day 8 after LCMV infection, splenocytes from WT and FoxO1 −/− mice were stimulated
with NP396 and GP33 peptides. Antigen-induced production of IFNγ was quantified by
intracellular staining and flow cytometry. Bar graphs in A show the percentage of IFN-γ-
producing CD8 T cells; B, shows the total number of CD8 T cells producing IFN-γ and C
illustrates the MFI of IFN-γ. D, Splenocytes were stained with anti-CD8, anti-granzyme B
and Db/NP396 tetramers. Histograms are gated on tetramer-binding CD8 T cells, and the
numbers in the histograms represent the MFI for granzyme B. Data are mean ± SEM from
3–5 mice/group and representative of 3–5 independent experiments. * p<.05
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Figure 3. Effect of FoxO1 deficiency on differentiation of effector subsets
WT and FoxO1−/− mice were infected with LCMV. At day 8 PI splenocytes were stained
with anti-CD8, Db/NP396 tetramers, anti-KLRG1 and anti-CD127. A, Representative FACS
plots are gated on NP396–specific CD8 T cells. The numbers are the percentages of the
following subsets: KLRG-1HiCD127Lo, KLRG-1LoCD127Hi, and KLRG-1LoCD127Lo

among NP396- specific CD8 T cells. The bar graph shows the total number of KLRG-1Hi or
KLRG-1Lo subsets of NP396-specific CD8 T cells. B and C, At day 8 after LCMV
infection, splenocytes were stained with anti-CD8, Db/NP396 tetramers and anti-T-bet or
anti-Eomes antibodies. T-bet and Eomes levels in NP396-specific CD8 T cells were
assessed by quantifying MFI on a flow cytometer. D, To characterize the cell surface
phenotypes of NP396- and GP33-specific CD8 T cells, splenocytes were stained with Db/
NP396 and Db/GP33 tetramers in conjunction with anti-CD44, anti-CD127, anti-CD62L,
anti-CD122, anti-CD27 and anti-CCR7. The histograms are gated on tetramer-binding CD8
T cells, and the numbers in the histograms represent the MFI for the indicated protein. Data
are the mean ± SEM from analysis of 3–5 mice/group, and representative of at least three
independent experiments.
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Figure 4. CD8 T-cell memory in FoxO1−/− mice
WT and FoxO1 −/− mice were infected with LCMV, and virus-specific CD8 T cells were
quantified in spleen at day 60 PI. Splenocytes were stained with anti-CD8 and anti-CD44
antibodies, Db/NP396 and Db/GP33 tetramers. A, Flow cytometry plots are gated on total
CD8 T cells and the numbers are the percentages of tetramer-binding CD8 T cells among
CD8 T cells. B, Bar graph shows the total number of LCMV-specific CD8 T cells. C, At day
60 PI, splenocytes were stained with anti-CD8, Db/NP396 tetramers, anti-KLRG-1, and anti-
CD127. Representative FACS plots are gated on NP396-specific CD8 T cells. The numbers
are the percentages of the following subsets: KLRG-1HiCD127Lo, KLRG-1LoCD127Hi, and
KLRG-1LoCD127Lo among NP396- specific CD8 T cells. The bar graph in C shows the
KLRG-1 MFI for NP396-specific CD8 T cells. D, To characterize the cell surface
phenotypes of NP396- and GP33-specific CD8 T cells, splenocytes were stained with Db/
NP396 and Db/GP33 tetramers along with anti-CD44, anti-CD127, anti-CD62L, anti-
CD122, anti-CD27, and anti-CCR7. The histograms are gated on tetramer-binding CD8 T
cells, and the numbers in each of the histograms represent the MFI for the indicated protein.
Data are the mean ± SEM from analysis of 3–5 mice/group, and representative of at least
two to three independent experiments.
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Figure 5. Effector functions of FoxO1−/− memory CD8 T cells
On day 60 after LCMV infection, splenocytes from WT and FoxO1−/− mice were
stimulated with NP396 and GP33 peptides and antigen-induced cytokine production was
assessed by intracellular cytokine staining. A, Bar graph shows the total numbers of IFN-γ-
producing NP396- and GP33-specific CD8 T cells. B, Bar graph illustrates the MFI for IFN-
γ. C, Representative dot plots (gated on IFN-γ-producing CD8 T cells) show the percentage
of IL-2+ and/or TNF-α+ cells among IFN-γ+ CD8 T cells. D, At day 60 PI, mice were
administered BrdU for 8 days. After BrdU treatment, splenocytes were stained with Db/
NP396 tetramers, anti-CD8, and anti-BrdU. The bar graph shows the percent of BrdU
positive cells among NP396-specific CD8 T cells. Data are mean ± SEM from analysis of 3–
5 mice/group and representative of 3 independent experiments. E. At day after LCMV
infection, splenocytes were stained with anti-CD8 in conjunction Db/NP396 tetramers and
anti-TCF-1 antibodies. The histogram is gated on Db/NP396-specific CD8 T cells from WT
and FoxO1−/− mice, and the numbers in the histogram represents the MFI for TCF-1. The
bar graph in E illustrates the MFI of TCF-1. Data are mean ± SEM from analysis of 3–5
mice/group.
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Figure 6. Maintenance of functional CD8 T cell memory in FoxO1−/− mice
A, B and C. WT and FoxO1 −/− mice were infected with LCMV and at the indicated time
days PI, the total number of NP396- and GP33-specific CD8 T cells were quantified by
using MHC I tetramers (A) or intracellular staining for IFN-γ (B), TNF- α and IL-2. C,
shows the total number of NP396- and GP33-specific CD8 T cells that produced IFN-γ,
IL-2 and TNF-α. Data are representative of three to four independent experiments with three
to five mice per group for each indicated time point. Error bars represent the SEM. * p<.05.
D, Forty-five to sixty days after LCMV-Armstrong infection, WT and FoxO1−/− mice were
challenged with LCMV-Clone 13. Mice were sacrificed at day 5 after challenge.
Splenocytes were stained with Db/NP396, Db/GP33, Db/GP276 tetramers and anti-CD8. The
numbers of tetramer-binding CD8 T cells were assessed by flow cytometry and LCMV titers
in the kidney were quantified using a plaque assay; each data point in the scatter plot
represents viral titer of an individual mouse.
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Figure 7. FoxO1 regulates function of effector and memory CD4 T cells
WT and FoxO1 −/− mice were infected with LCMV. At days 8 and day 60 postinfection,
splenocytes were stimulated with the I-Ab-restricted GP66 peptide for 5 hrs. A and D, shows
the total numbers of IFN-γ-producing I-Ab-restricted GP66 CD4 T cells for day 8 and day
60 respectively. B and E, The levels of IFN-γ produced by I-Ab-restricted GP66-specific
CD4 T cells were measured by flow cytometry and bar graphs illustrate the MFI for IFN-γ
for day 8 and day 60 respectively. C and F, The percentages of CD4 T cells that produced
IFN-γ, IL-2 and TNF-α were quantified by intracellular cytokine staining on day 8 and day
60 respectively. Data are mean ± SEM from analysis of 3–5 mice/group.
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Figure 8. T-cell intrinsic effects of FoxO1 analyzed in mixed bone marrow chimeras
A and C, Bone marrow cells (BMCs) were harvested from the femurs and tibias of WT and
FoxO1 −/− mice. A 1:1 mixture of 7.5 × 106 T cell-depleted BMCs from WT (Ly5.1) and
WT (Ly5.2) (Control) or FoxO1 −/− (Ly5.2) (Experimental) mice was adoptively
transferred into lethally irradiated Rag1−/− mice to generate Control or Experimental bone
marrow chimeras. Six to eight weeks after reconstitution, Control and Experimental bone
marrow chimeras were infected with LCMV. A, At days 8 and 45 PI, splenocytes were
stained with anti-Ly5.1, anti-Ly5.2, anti-CD8, Db/NP396 and Db/GP33 tetramers. The bar
graphs in A show the percentages of NP396- and GP33-specific CD8 T cells amongst either
Ly5.1+ve or Ly5.2+ve CD8 T cells. Data are from analysis of 4 mice for each group. Error
bars represent SEM. B, FoxO1 regulates Bcl-2 expression in memory CD8 T cells. WT and
FoxO1 −/− mice were infected with LCMV Armstrong. At day 8 and day 95 PI, cells were
stained with anti-CD8, Db/NP396 tetramer and anti-Bcl-2 antibodies. The histograms are
gated on Db/NP396-specific CD8 T cells, and the numbers in the histogram represents the
MFI for Bcl-2. Dotted lines in the FACS histograms represent staining with the isotype
control antibody. The bar graphs illustrate the MFI for Bcl-2 at day 8 and day 95 PI
respectively. Data are mean ± SEM from analysis of 3–5 mice/group. C, Control and
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Experimental bone marrow chimeras were infected with LCMV. At day 50 PI, The levels of
IFN-γ, IL-2 and TNF-α produced by NP396 and GP33-restricted CD8 T cells were
quantified by intracellular cytokine staining. Bar graphs illustrate the MFI for IFN-γ and the
percentage of CD8 T cells that produced IFN-γ, IL-2 and TNF-α for CCs and ECs at day 50
PI. Data are from analysis of 4 mice for each group. Error bars represent SEM.
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Table 1
FoxO1 deficiency dysregulates the transcriptome of memory CD8 T cells

WT and FoxO1 −/− mice were infected with LCMV Armstrong. At day 60 post infection, splenocytes were
stained with anti-CD8, anti-CD44 and Db/NP396 tetramers. Tetramer-binding CD8 T cells were purified using
a FACSAria II sorter and cellular RNA was extracted using Trizol. RNA samples were reverse transcribed and
Cy3-labeled cDNAs were hybridized to Agilent Whole Mouse Genome Oligo Microarrays. Table 1 shows the
gene symbol, gene title, and the fold change (WT/FoxO1−/−) of the indicated genes in FoxO1−/− memory
CD8 T cells relative to those in WT memory CD8 T cells in the clusters for effector molecules, transcription
factors, cell cycle, Wnt signaling pathway, and cytokine/cytokine receptors and chemokine/chemokine
receptors and mitochondrion.

Regulated Genes Gene
Symbol

Gene Description Fold Change
(WT/FoxO1 −/−)

Effector Molecules

FasL Fas ligand (TNF superfamily, member 6) transcript variant 1 2.66615

Gzmb granzyme B 6.82551

Gzma granzyme A 23.06987

Prf1 perforin 1 (pore forming protein) 1.65348

Transcription Factors

AF4/AFF3 AF4/FMR2 family, member 3 −14.8698

Bach2 BTB and CNC homology 2 −10.0687

Ikzf5 IKAROS family zinc finger 5 −1.66228

Ikzf2 IKAROS family zinc finger 2 13.1467

Klf4 Kruppel-like factor 4 (gut) −7.79951

Klf7 Kruppel-like factor 7 (ubiquitous) −11.1625

IRF5 interferon regulatory factor 5 −19.7053

STAT2 signal transducer and activator of transcription 2 −71.4931

STAT5b signal transducer and activator of transcription 5B −2.7923

Foxm1 forkhead box M1 −68.6891

Foxp4 forkhead box P4 −12.2277

Tcf7 transcription factor 7 T-cell specific −31.0128

Eomes Eomesodermin homolog (Xenopus laevis) (Eomes), transcript variant 1 −1.77244

Tbx21 T-box 21 (Tbx21) 1.99801

Cell Cycle

Ccna2 cyclin A2 −12.2245

Ccnd1 cyclin D1 −7.69436

Ccnf cyclin F −7.38653

Cdk5rap3 CDK5 regulatory subunit associated protein 3 1.13118

CDKn2b cyclin-dependent kinase inhibitor 2B 11.3784

Cdkn1c cyclin-dependent kinase inhibitor 1C (P57) (Cdkn1c),transcript variant 2 9.11104

Cdkn2c cyclin-dependent kinase inhibitor 2C (p18, inhibits CDK4) 4.31286

Cdkn2aipnl CDKN2A interacting protein N-terminal like −2.93969

Wnt Signaling Pathway
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Regulated Genes Gene
Symbol

Gene Description Fold Change
(WT/FoxO1 −/−)

Lef1 lymphoid enhancer binding factor 1 −2.44659

Myc myelocytomatosis oncogene (Myc), transcript variant 1 −4.09162

Tcf7 transcription factor 7 T-cell specific −31.0128

Cytokines/Cytokine Receptors/Chemokine/ Chemokine Receptors

IL7R interleukin 7 receptor −5.97606

IL2Ra interleukin 2 receptor, alpha chain −5.1623

Il10ra interleukin 10 receptor, alpha −3.78897

Il17b interleukin 17B 2.73137

Il6ra interleukin 6 receptor, alpha −39.4913

Il15 interleukin 15 −19.3757

Ccr4 chemokine (C-C motif) receptor 4 3.7626

Ccr5 chemokine (C-C motif) receptor 5 2.74019

Ccr7 Chemokine (C-C motif) receptor 7 −5.72565

Ccr10 chemokine (C-C motif) receptor 10 4.27874

Ccr8 chemokine (C-C motif) receptor 8 18.48211

Cxcl14 chemokine (C-X-C motif) ligand 14 2.40558

Cxcr5 chemokine (C-X-C motif) receptor 5 1.37419

Cxcl16 chemokine (C-X-C motif) ligand 16 −2.94351

Cxcl10 chemokine (C-X-C motif) ligand 10 −22.0272

Cxcr4 chemokine (C-X-C motif) receptor 4 −33.3527

Ifngr1 interferon gamma receptor 1 −4.55352

Mitochondrion

Atp5b ATP synthase, H+ transporting mitochondrial F1 complex, beta subunit −2.39264

Atp5b ATP synthase, H+ transporting mitochondrial F1 complex, beta subunit −2.39264

Atp5j ATP synthase, H+ transporting mitochondrial F0 complex, subunit F psuedogene −3.75671

Atp5g3 ATP synthase, H+ transporting mitochondrial F- complex, subunit c −4.28939

Atp5e ATP synthase, H+ transporting mitochondrial F1 complex, epsilon subunit −12.1938

Atp6v0a1 ATP synthase, H+ transporting lysosomal V0 subunit A1 −4.53032

Atp6v0b ATP synthase, H+ transporting lysosomal V0 subunit B −2.9928

Atp6v0d2 ATP synthase, H+ transporting lysosomal V0 subunit D2 −2.98129

Atp6v1d ATP synthase, H+ transporting lysosomal V01subunit D −3.04329

Bax Bcl2 associated X protein −2.65333

Bcl2 B-cell leukemia/lymphoma 2 (Bcl2), transcript variant 2 −2.90786

Bid BH3 interacting domain death agonist −3.36876

Ndufa12 NADH Dehydrogenase (ubiquinone) 1 alpha subcomplex, 12 −99.3623

Ndufa4 NADH Dehydrogenase (ubiquinone) 1 alpha subcomplex, 4 −2.44543

Ndufa7 NADH Dehydrogenase (ubiquinone) 1 alpha subcomplex, 7 (B14.5a) −14.1216

Ndufa8 NADH Dehydrogenase (ubiquinone) 1 alpha subcomplex, 8 −24.4832

Ndufa9 NADH Dehydrogenase (ubiquinone) 1 alpha subcomplex, 9 −3.17405
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Regulated Genes Gene
Symbol

Gene Description Fold Change
(WT/FoxO1 −/−)

Ndufaf1 NADH Dehydrogenase (ubiquinone) 1 alpha subcomplex, assembly factor 1 −7.83086

Ndufaf2 NADH Dehydrogenase (ubiquinone) 1 alpha subcomplex, assembly factor 2 −2.37409

Ndufaf4 NADH Dehydrogenase (ubiquinone) 1 alpha subcomplex, assembly factor 4 −2.75539

Aifm2 Apoptosis-inducing factor, mitochondrian- associated 2 −3.24718

Mtcp1 Mature T-cell proliferation 1 −2.72502

Mavs Mitochondrial antiviral signaling protein −27.8605

Mrp63 Mitochondrial ribosomal protein 63 −2.10538

Mrpl14 Mitochondrial ribosomal protein L14 −4.51761

Mrpl34 Mitochondrial ribosomal protein L34 −9.05047

Mrpl45 Mitochondrial ribosomal protein L45 −10.62

Mrpl46 Mitochondrial ribosomal protein L46 −100

Mrpl47 Mitochondrial ribosomal protein L47 −9.24727

Mrpl55 Mitochondrial ribosomal protein L55 −4.7741

Mrps12 Mitochondrial ribosomal protein S12 −4.04583

Mrps14 Mitochondrial ribosomal protein S14, similar to mitochondrial ribosomal protein S14 −6.02143

Mrp18a Mitochondrial ribosomal protein S18A −2.5653

Mrp18c Mitochondrial ribosomal protein S18C −8.07069

Mrps2 Mitochondrial ribosomal protein S2 −2.24477

Mrps22 Mitochondrial ribosomal protein S22 −100

Mrps30 Mitochondrial ribosomal protein S30 −2.81149

Mrps7 Mitochondrial ribosomal protein S7 −3.67166

Cell Adhesion Molecules

Sell selectin, lymphocyte (Sell), transcript variant 2 −6.61415

Antigen

CD27 CD27 antigen (Cd27), transcript variant 1 −1.00049
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