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Abstract

Background: Cellular metabolism plays a critical role in regulating T cell responses and the development of memory T cells
with long-term protections. However, the metabolic phenotype of antigen-activated T cells that are responsible for the
generation of long-lived memory cells has not been characterized.

Design and Methods: Using lymphocytic choriomeningitis virus (LCMV) peptide gp33-specific CD8* T cells derived from T
cell receptor transgenic mice, we characterized the metabolic phenotype of proliferating T cells that were activated and
expanded in vitro in the presence or absence of rapamycin, and determined the capability of these rapamycin-treated T cells
to generate long-lived memory cells in vivo.

Results: Antigen-activated CD8" T cells treated with rapamycin gave rise to 5-fold more long-lived memory T cells in vivo than
untreated control T cells. In contrast to that control T cells only increased glycolysis, rapamycin-treated T cells upregulated
both glycolysis and oxidative phosphorylation (OXPHOS). These rapamycin-treated T cells had greater ability than control T
cells to survive withdrawal of either glucose or growth factors. Inhibition of OXPHOS by oligomycin significantly reduced the
ability of rapamycin-treated T cells to survive growth factor withdrawal. This effect of OXPHOS inhibition was accompanied
with mitochondrial hyperpolarization and elevation of reactive oxygen species that are known to be toxic to cells.

Conclusions: Our findings indicate that these rapamycin-treated T cells may represent a unique cell model for identifying
nutrients and signals critical to regulating metabolism in both effector and memory T cells, and for the development of new
methods to improve the efficacy of adoptive T cell cancer therapy.
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Introduction

Cellular metabolism plays an important role in regulating T" cell
proliferation and survival. Resting T cells, including both naive
and memory T cells, derive most of their adenosine triphosphate
(ATP) from basal levels of oxidative phosphorylation (OXPHOS)
[1,2,3]. In the absence of extrinsic signals for maintaining
OXPHOS, resting T cells undergo progressive atrophy [1,2,3].
Upon activation, T cells undergo a metabolic conversion to
dramatically upregulated glycolysis that leads to the increase in
production of ATP and metabolic intermediates required for cell
growth and proliferation [4,5]. Without sufficient support for their
bioenergetic and biosynthetic demands, activated T cells may be
deleted or become quiescent [5,6].
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Memory T cells are one of the most important components
of long-term immunity against infections and tumors
[7,8,9,10,11,12,13,14]. They have the ability to persist within
the individual for long periods and to rapidly respond to
rechallenge of the antigen. As compared to naive T cells (Ty),
memory T cells have fewer requirements of costimulating
signals for their activation, proliferation and function
[7,8,9,10,11,12,13,14]. Thus, enhanced formation of memory T
cells may improve the efficacy of vaccine and T cell therapy for the
treatment of infectious diseases and cancers [13].

Memory T cells derive from antigen-activated precursor cells
during primary immune responses [14,15,16,17,18]. Deletion of
Trafb, a signal important for fatty acid oxidation, impaired the
development of memory T cells [19], suggesting a critical role for
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cellular metabolism in regulating memory T cell development.
However, the metabolic phenotype of proliferative memory T cell
precursors has not been characterized.

Rapamycin specifically inhibits the mammalian target of
rapamycin (mTOR) pathway and is an important regulator of
cellular metabolism [20,21,22,23,24,25]. For example, some
studies suggested that rapamycin decreased OXPHOS [20,21],
whereas some others suggested that rapamycin enhanced the
oxidation of both fatty acids and amino acids [22,23,24]. It
appears that rapamycin may regulate OXPHOS of nutrients in a
context dependent manner, possibly due to the nature of other
signaling pathways activated in the target cell [20,21,22,23,24].
Interestingly, several studies demonstrate that rapamycin en-
hanced the survival of activated T cells [26,27,28,29,30] and
generation of long-lived memory T cells [19,31,32]. Data from
these studies indicate that rapamycin-treated T cells could
represent a unique cellular model for characterizing the metabolic
phenotype of antigen-activated T cells with enhanced ability to
become memory T" cells.

Using T cell receptor (TCR) transgenic CD8* T cells that are
specific for lymphocytic choriomeningitis virus (LCMYV) peptide
gp33, we characterized the metabolic phenotype of antigen-
activated T cells that were expanded in cultures treated with or
without rapamycin. We found that rapamycin-treated 'T' cells gave
rise to 5-fold more long-lived memory T cells than untreated
control T cells. These rapamycin-treated T cells upregulated both
glycolysis and OXPHOS and had a greater ability than control T
cells to survive withdrawal of either glucose or growth factors.
Inhibition of OXPHOS in rapamycin-treated T cells resulted in
their elevation of reactive oxygen species (ROS), reduction of
mitochondrial hyperpolarization and impaired survival capability.
These observations suggest that antigen-activated T cells with
increased OXPHOS may have augmented ability to survive and
form memory T cells i vivo.

Materials and Methods

Mice

We purchased C57BL/6 (B6; H-2DP, Thyl1.2%), Thyl.1* B6
and B6/SJL (CD45.1%) from Jackson Laboratory (Maine, USA).
C57BL/6-Tg (TCR LCMV P14)-Teroa™™Me™ (P14 B6, H-2D,
Thyl.2", TCRof/f) were obtained from Taconic (Maryland,
USA). Animal work has been conducted according to relevant
national and international guidelines. The Institutional Animal
Care and Use Committee of the University of Michigan approved
all mouse protocols (Approval ID# 09883).

Antibodies (Abs), cell lines, cytokines and flow cytometry
analysis

Abs were obtained from BD Bioscience and Biolegend.
Microbead-conjugated Abs and microbead-conjugated streptavi-
din were purchased from Miltenyi-Biotech, and all recombinant
cytokines including IL-2, IL-4, granulocyte-monocyte colony-
stimulating factor, stem cell factor and tumor necrosis factor-o
were from R&D Systems. We performed immunofluorescence
analyses of cell surface phenotypes and intracellular cytokines
using FACScan and Canto cytometer (Becton Dickinson) as
previously described [33,34].

Cell preparation

CD8" T cells were magnetically isolated from spleens and
lymph nodes (LN) of mice using microbead-conjugated anti-CD8
Ab  (MiniMACS, Miltenyi Biotech). To further separate
CD44°CD8" Ty, purified CD8" T cells were stained with
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biotin-conjugated anti-CD44 Ab, followed by streptavidin-conju-
gated Dynal Magnetic beads (Invitrogen). The purity of isolated
CD44"°CD8" Ty was consistently more than 95%. Donor CD8*
T cells were labeled with fluorescent dye carboxyfluorescein
diacetate succinimidyl ester (CFSE) as described [34]. Mature
dendritic cells (DCs) were prepared from B6 bone marrow (BM) as
previously described [35].

In vitro stimulation of CD8" T cells

Purified P14 CD8* Ty were cultured in IMDM containing 10%
FBS (complete medium) supplemented with IL-2 (5 ng/ml),
LCMYV gp33 peptide (107% M) and B6 BM DC at a T cell/DC
ratio of 8:1. In some experiments, antigen-activated CD8" T cell
subsets were highly purified using BD FACSAria™ III cell sorter
(Becton Dickinson). The purity of these isolated P14 CD8*
memory T' cells was consistently more than 95%.

Real-time reverse transcription polymerase chain
reaction (RT-PCR)

Total RNA was extracted from cells using TRIzol (Invitrogen
Life Technologies, Carlsbad, CA). Real-time RT-PCR was
performed using SYBR green PCR mix (ABI Biosystem, CA) on
a Mastercycler realplex (Eppendorf AG, Westbury, NY). Tran-
script abundance was calculated using the AACt method
(normalization with Gapdh). The primer sequences used for
real-time RT-PCR include: GAPDH (5'-AGGTCGGTGT-
GAACGGATTTG and 3'-ACTGGAGTTGATGTACCAGAT-
GT), Granzyme B (GzmB, 5'-CCACTCTCGACCCTACATGG
and 3'-GGCCCCCAAAGTGACATTTATT), Bak (5'-CAGA-
TGGATCGCACAGAGAG and 3'-TCTGTGTACCACGAA-
TTGGC), Bax (5'-ACTAAAGTGCCCGAGCTGAT and 3'-
ATGGTCACTGTCTGCCATGT), BelxL (5'-GGATGGC-
CACCTATCTGAAT and 3'-TGTTCCCGTAGAGATCCA-
CA), Bcl-2 (5’-GAGTACCTGAACCGGCATCT and 3'-GA-
AATCAAACAGAGGTCGCA), Bim (5'-TACACAAGGAGG-
GTGTTTGC and 3'-TCAATGCCTTCTCCATACCA) and
Mcl-1 (5'-GCTTCATCGAACCATTAGCA and 3'-CCATCC-
CAGCCTCTTTGT).

ATP measurement

ATP was measured using the ATP-determination kit (Molecular
Probes). Cultured cells were collected and immediately placed in
ice-cold ATP buffer (20 mM Tris, pH 7.5, 0.5% Nonidet P-40,
25 mM NaCl, 2.5 mM EDTA) for 5 minutes. Cell lysates were
then centrifuged at 13,000 g for 30 minutes and the supernatant
was measured for protein concentration.

Oxygen consumption and lactate production

Oxygen consumption assay was performed as described [36].
Equal number of live cells were suspended at 3-5x10° cells/ml in
complete DMEM medium and analyzed at 37°C using a Clarke
electrode. Cells were treated with oligomycin (1-2 ug/ml) to
confirm that oxygen was being consumed for ATP synthesis. To
measure lactate production, equal number of live cells were
washed and resuspended in DMEM (5-15x10° cells/ml) and
aliquots were quenched at four time points over 2-3 hours using
perchloric acid (0.6 M). After the removal of cellular debris and
neutralization with NaOH, lactate concentrations at =3 time
points were determined by incubating aliquots of sample (10—
20 pl) with lactate dehydrogenase (1 ul) and glutamate-pyruvate
transaminase (0.375 pl; Sigma Aldrich) in buffer (230-240 pl)
containing glutamate (116 mM) and NAD (0.96 mM) at pH 8.9.
Lactate levels were determined using a standard curve by
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monitoring absorption at 340 nM and the rate of lactate
production was calculated as a function of time and cell
concentration [37]. The ATP production from OXPHOS or
glycolysis was calculated as ATP OXPHOS = 5.6 xO, Consump-
tion and ATP Glycolysis = Lactate Production+0.4 xO, Consump-
tion [37].

Glucose uptake assay
Glucose uptake assay was performed as described [38].

Measurement of ROS, mitochondria mass and
mitochondrial membrane potential (A¥m)

The ROS, mitochondria mass and A¥Ym were measured by
dihydrofluorescein diacetate (DFDA), MitoTracker Green and
tetramethylrhodamine methyl ester (TMRM), respectively, as
previously described [39].

Statistical analysis

Comparison of two means was analyzed using the two-tailed
unpaired Student ¢ test. Values of p less than 0.05 were considered
significant.

Results

Rapamycin-treated CD8" T cells have enhanced ability to
survive glucose withdrawal

To determine the metabolic characteristics of antigen-activated
CD8" T cells, we established an i itro cell culture system to derive
a large number of rapamycin-treated T cells. P14 CD8" Ty were
activated by B6 DCs pulsed with LCMV gp33 peptide (1072 M)
with or without addition of rapamycin. P14 CD8" Ty that were
cultured in the absence of rapamycin (termed control T cells)
vigorusly proliferated in response to gp33 (Fig. 1A). Addition of
rapamycin reduced dividing of antigen-activated CD8" T cells
(termed rapamycin T cells) during early time of culture (day 4,
Fig. 1A). As compared to control T cells, rapamycin T cells
expressed higher levels of CD62L and CD127 but lower levels of
KLRGI. These rapamycin T cells produced minimal amount of
IFN-y (Fig. 1B). This phenotype of rapamycin T cells coincides
with that of antigen-specific memory T cell precursors derived in
vivo from rapamycin-treated mice [31]. Addition of rapamycin did
not affect the upregulation of activation markers CD44 and CD25
on the surface of gp33-stimulated T cells (data not shown).
Interestingly, when these antigen-activated T cells were replated in
secondary cultures without rapamycin, we recovered significantly
more live cells from the culture of rapamycin T cells than that of
control T cells (Fig. 1C). Intracellular cytokine staining showed
that rapamycin T cells derived from this culture produced
similarly high levels of IFN-y as did control cells (Fig. 1D),
suggesting that rapamycin T' cells are not anergic.

Antigen-activated T cells undergo a metabolic conversion from
basal levels of OXPHOS to high rates of glycolysis [5]. We next
assessed whether rapamycin treatment affected upregulation of
glycolysis in antigen-activated T cells by measuring the production
of lactate, expression of glucose transporter 1 (GLUT1) and uptake
of glucose. As compared to T, both control and rapamycin T
cells produced significantly higher levels of lactate (Fig. 1E), and
similarly increased the expression of GLUT1 (Fig. 1F) and uptake
of glucose (Fig. 1G). These results suggest that rapamycin
treatment did not impair glycolysis in antigen-activated T cells.

To assess whether glucose was critical to the survival of these
activated T cells, we recovered control and rapamycin T cells 7
days after primary culture and re-seeded them in secondary
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cultures without glucose. Interestingly, there were significantly
more (5 to 6-fold) rapamycin T cells recovered from the secondary
culture than control T cells (Fig. 1H). Thus, despite their
upregulated glycolysis, rapamycin T cells have enhanced ability
to survive glucose withdrawal.

Rapamycin T cells have enhanced capability of resisting
growth factor withdrawal

It is possible that increased OXPHOS might account for
enhanced ability of rapamycin T cells to survive glucose
withdrawal. To test this hypothesis, we analyzed OXPHOS in
antigen-activated T cells by measuring their oxygen consumption
[40,41,42,43]. As shown in Fig. 2A, rapamycin T cells consumed
significantly more oxygen (2 to 3-fold) than control T cells. Based
on these measurements (Fig. 1E and Fig. 2A), we calculated ATP
production from the pathways of glycolysis and OXPHOS,
respectively. Control T' cells produced approximate 50% of their
ATP through glycolysis, whereas rapamycin T cells produced 82%
of ATP from OXPHOS (Fig. 2B).

To further determine the contribution of OXPHOS and
glycolysis to the production of ATP in rapamycin T cells, we
added the glycolysis inhibitor 2-deoxyglucose (2-DG) [44,45] and
mitochondrial oxidation inhibitor oligomycin [37] to the culture.
We found that rapamycin T cells had significantly higher levels of
ATTP than control T cells at the base line (Fig. 2C). Addition of
either oligomycin or 2-DG markedly reduced ATP levels in
rapamycin T cells (Fig. 2D). In contrast, addition of 2-DG but not
oligomycin significantly reduced ATP content in control T cells
(Fig. 2D). These results suggest that rapamycin T' cells were more
susceptible than control cells to the inhibitory effect of oligomycin
in terms of ATP production. We found that there was no
difference in mitochondrial mass between rapamycin and control
T cells (Fig. 2E).

Previous studies have demonstrated that OXPHOS is important
for T cells to survive growth factor withdrawal [19]. To determine
whether rapamycin T cells had greater ability than control T cells
to resist growth factor withdrawal, we replated these T cells in
secondary cultures in the absence of IL-2. As shown in Fig. 3A, the
recovery rate of live control T cells was rapidly reduced to 65% by
24 hours after IL-2 starvation and further declined to 10% by
72 hours. In contrast, about 100% and 60% of rapamycin T cells
were still alive by 24 and 72 hours after IL-2 withdrawal,
respectively. Addition of neutralizing anti-IL-2 Ab to the culture
did not affect the ability of rapamycin T cells to survive growth
factor starvation (Fig. 3B). This ruled out the possibility that
endogenous IL-2 could account for improved survival of
rapamycin T cells. Thus, rapamycin T cells increase mitochon-
drial OXPHOS and have acquired the ability to resist growth
factor withdrawal.

Rapamycin T cells have augmented ability to become
long-lived memory cells

To determine the capability of rapamycin T cells to survive i
vivo, we transplanted CFSE-labeled rapamcyin T cells to normal
Thyl.1* B6 mice, with CFSE-labeled control T cells transferred
as controls. Twenty four hours later, there were 10- to 34-fold
more P14 CD8" T cells in the spleen, LN and peripheral blood
(PB) of mice receiving rapamycin T cells than that of mice
receiving control T cells (Fig. 4). Few donor T cells were detected
in the liver, lung and BM of either rapamycin T cell recipients or
control T cell recipients at this time point (data not shown), ruling
out the possibility that different tissue distribution may account
for the difference between these two groups. Furthermore, donor
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Figure 1. Rapamycin CD8" T cells upregulate glycolysis and have enhanced ability to resist glucose withdrawal. P14 CD44°°CD8" Ty
were labeled with CFSE and cultured in vitro with B6 DCs, 10”8 M gp33, 5 ng/ml IL-2 and different doses of rapamycin. (A) Histograms show CFSE
intensity in T cells recovered at indicated time points after culture. (B) Histograms show the expression of indicated surface markers on activated T
cells that were cultured with or without rapamycin (100 nM) for 7 days. (C and D) Control and rapamycin T cells were collected from the primary
culture 7 days after culture and completely washed with PBS to remove rapamycin. Equal number of live cells (0.5x10° cells/well) was replated in
96-well plate in secondary culture containing IL-2 (5 ng/ml) without addition of rapamycin. Cells were collected, counted and calculated for the
recovery rate (output versus input) at indicated time points after secondary culture (C). Cells collected at 72 hours after secondary culture were
assessed for their production of IFN-y. Dot plots show the fraction of cells producing IFN-y (D). Graphs show the lactate levels in these T cells (E).
Histograms show the expression of GLUT1 (F). (G) Graphs show the capability of glucose uptake. (H) Cells recovered from primary cultures were
washed three times and then reseeded in the medium without glucose for additional 30 or 50 hours. At the indicated time points, cells were
collected, stained with trypan blue and counted. Live cell ratio = trypan blue negative cell number/total cell numberx100%. Data are shown as means

+ SD and representative from five independently performed experiments. *p<<0.05, significant difference.

doi:10.1371/journal.pone.0020107.g001

T cells had not undergone cell division by 24 hours after adoptive
transfer as assessed by the intensity of CFSE (data not shown).
This suggests that increased recovery of rapamycin T cells likely
results from their improved ability to survive i vivo after adoptive
transfer.

Previous studies have demonstrated that prior depletion of
lymphocytes in the host can improve the ability of T cells to
survive i vivo [46,47]. To compare the ability of rapamycin T cells
to generate memory T cells i vivo with that of control T cells, we
therefore adoptively transferred rapamycin T cells (Thy1.2") into
sublethally irradiated lymphopenic Thyl.1* B6 mice. Seven days
after transfer, there were 5- to 6-fold more P14 CD8" T cells
recovered from mice receiving rapamycin T cells than mice
receiving control T cells (Fig. 5A). This significant difference
between two groups persisted throughout a period of 105 days
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after adoptive transfer, although both rapamycin and control T
cells gradually declined in PB over time (Fig. 5B).

Six months later, there were about 4- to 5-fold more P14 CD8*
T cells in both lymphoid and non-lymphoid tissues of mice
receiving rapamycin T cells than that of mice receiving control T
cells (Fig. 6A-B). Interestingly, donor T cells that were derived
from either rapamycin T cell recipients or control T cell recipients
6 months after transfer expressed similarly high levels of CD44,
CD62L, CD122 and CXCR3 (Fig. 6C). This indicates that these
recovered donor T cells have a typical phenotype of long-lived
memory T cells i vivo [15,31,48,49,50,51,52]. Furthermore, these
donor T cells derived from both groups had similar ability to
proliferate and produce high levels of IFN-y (Fig. 6D-E). Thus,
there was no difference in the phenotype and function at the single
cell level between memory cells derived from rapamycin T cells
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doi:10.1371/journal.pone.0020107.g002

and memory cells derived from control T cells. Altogether, these
data indicate that rapamycin T cells may contain higher frequency
of memory precursors that are able to become long-lived memory
T cells in vivo than control T cells.

OXPHOS is critical to the survival of rapamycin T cells

To further determine the importance of OXPHOS in
rapamycin T cells, we used oligomycin to block the final step of
OXPHOS. As shown i Fig. 7A, oligomycin dose-dependently
reduced the recovery of live rapamycin T' cells cultured without
IL-2. In contrast, control T cells rapidly diminished in the same
culture condition even in the absence of oligomycin. These data
suggest that rapamycin T cells are sensitive to oligmycin-mediated
mhibition of OXPHOS, whereas control T cells may die through
a mechanism independent of oligomycin treatment.

Oligomycin could kill rapamycin T cells by inducing apoptosis
and/or metabolic collapse. To distinguish between these two
possibilities, we first examined the expression of genes associated
with pro- and anti-apoptosis. Real-time RT-PCR analysis showed
that rapamycin T cells expressed higher levels of Bcl-2, Bel-xL,
Bax and Bim than control T cells (Fig. 7B). Withdrawal of IL-2
significantly reduced the expression of Bcl-2 and Bcl-xL in both
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rapamycin and control T cells, but had no effect on their
expression of Bax and Bim (Fig. 7B). However, this reduced
expression of anti-apoptotic genes Bcl-2 and Bcl-xL. did not
support the improved survival of rapamycin T cells in the absence
of IL-2 (Fig. 3A). Furthermore, addition of oligomycin resulted in
a significant upregulation of both Bcl-2 and Bel-xLL in rapamycin
T cells as compared to oligomycin-untreated counterparts
(Fig. 7B). This could not explain why oligomycin reduced
survival of rapamycin T cells. Thus, although increased
expression anti-apoptotic genes (e.g. Bcl-2 and Bel-xL) could be
associated with improved survival of rapamycin-treated T cells
[26,27,28,29,30], it is possible that oligomycin-mediated killing of
rapamycin T cells may be not due to decreased levels of anti-
apoptotic Bcl-2 or Bel-xL.

It has been demonstrated that increased ROS, mitochondrial
hyperpolarization and ATP depletion represent early steps of T
cell apoptosis [53]. Flow cytometry analysis showed that
rapamycin T cells had lower levels of ROS than control T cells
(Fig. 8A). We then asked whether antioxidants protected control
T cells from ROS-mediated cell death. Rapamycin and control
T cells were replated in secondary cultures in the absence of IL-
2, with or without addition of antioxidant N-acetylcysteine
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IL-2 withdrawal. P14 CD44"°CD8" Ty were stimulated for 6 days in
vitro with B6-derived DCs pulsed with gp33 plus IL-2, in the absence or
presence of rapamycin (100 nM). Control CD8"* T cells and rapamycin
CD8" T cells were then collected, washed three times and seeded in
secondary cultures without addition of IL-2 (A), or with addition of
neutralizing anti-IL-2 Ab (B). Cells were recovered at indicated time
points from secondary cultures, counted and calculated the live cell
ratio as described in Fig. 1. Data are represented as means = SD. Results
are representative of three independently performed experiments.
*p<<0.05, significant difference. n.s., no significant difference.
doi:10.1371/journal.pone.0020107.g003

(NAC) for 24 hours. As shown in Fig. 8B, control T cells had
30% more live cells in the culture treated with NAC than the
culture without NAC treatment. In contrast, NAC treatment had
no impact on the recovery of live cells in the culture of
rapamycin T cells. These results suggest that increased ROS in
control T cells may account, at least in part, for their impaired
ability to resist growth factor withdrawal. Interestingly, treatment
with oligomycin increased the levels of ROS in both rapamycin
and control T cells (Fig. 8A). Furthermore, oligomycin increased
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Figure 4. Rapamycin CD8" T cells have enhanced ability to
survive in vivo. P14 CD44'°CD8" Ty were stimulated for 6 days in vitro
with Bé-derived DCs pulsed with gp33 plus IL-2, in the absence or
presence of rapamycin (100 nM). T cells were collected 6 days after
culture, washed and injected via tail vein into normal Thy1.1 B6 mice.
One day later, donor cells were recovered from the spleen, LN and PB
for measuring the number of infused donor T cells. Dot plots show the
fraction of donor T cells. All data are shown as means * SD and
representative of two independently performed experiments with 3
mice in each group. *p<<0.05, significant difference.
doi:10.1371/journal.pone.0020107.g004

mitochondrial membrane potential (A¥m) in both rapamycin
and control T cells (Fig. 8C). Thus, it is likely that inhibition of
OXPHOS by oligomycin may result in a metabolic collapse in
rapamycin T cells.

Discussion

Antigen-activated T cells undergo metabolic conversion from
basal levels of OXPHOS to high rates of glycolysis to meet their
bioenergetic and biosynthetic demand [5,6]. We demonstrate
here that antigenic-stimulation of CD8" T cells in the presence of
rapamycin increases both OXPHOS and glycolysis, and
augments the formation of memory cell precursors and their
long lived memory cell progenies. These rapamycin CD8" T cells
resisted both glucose and IL-2 withdrawal i witro and had
augmented capability to survive m vivo. Inhibition of OXPHOS
by oligomycin in rapamycin T cells resulted in their ATP
reduction, mitochondrial hyperpolarization, increased ROS
levels and decreased ability to survive growth factor withdrawal.
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Figure 5. Rapamycin T cells are the precursors of long-lived memory cells. P14 CD44'°CD8* Ty were stimulated in vitro with B6-derived DCs
pulsed with gp33 plus IL-2, in the absence or presence of rapamycin (100 nM). Six days later, T cells were collected, and injected into sublethally
irradiated Thy1.1 B6 mice. (A) Cells were recovered from these Thy1.1 B6 mice 7 days after transfer, counted and analyzed by flow cytometry. Graphs
show the number of P14 CD8" T cells in different tissues. (B) The percentage of P14 CD8" T cells in the PB of these recipients was analyzed by flow
cytometry at different time points as indicated. Data are shown as means = SD and representative of two independently performed experiments

with 3 mice in each group. *p<<0.05, significant difference.
doi:10.1371/journal.pone.0020107.g005
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Figure 6. Rapamycin T cells become long-lived memory T cells in vivo. P14 CD44'°CD8* Ty were stimulated in vitro with B6-derived DCs
pulsed with gp33 plus IL-2, in the absence or presence of rapamycin (100 nM). Six days later, T cells were recovered, washed and adoptively
transferred into sublethally irradiated Thy1.1 B6 mice. Donor T cells were collected from these Thy1.1 B6 recipient 6 months after transfer. Graphs
show the percentage (A) and number (B) of P14 CD8" derived CD8" T cells recovered from different organs. (C) Histograms show the expression of
indicated surface markers on P14 naive T cells and donor CD8 T cells recovered from mice receiving rapamycin T cells and mice receiving control T
cells. (D and E) P14 CD8"Thy1.2" cells (1x10% were highly purified using cell sorter and were stimulated in vitro with B6 DCs pulsed with gp33
(107" M) for another 8 days. P14 CD8" naive T cells stimulated with B6 DCs pulsed with gp33 (10~ '3 M) for 6 days were analyzed as controls. Cells
were recovered from the cultures and counted. Graphs show the number of cells (D). Dot plots show the fraction of IFN-y producing cells (E). Data are
shown as means = SD and representative of two independently performed experiments with 3 mice in each group. *p<<0.05, significant difference.
doi:10.1371/journal.pone.0020107.g006

Our findings are consistent with previous observations that psoriasis, lupus and graft-versus-host disease [36,54,55,56,57]
oxidative metabolism is critical to the persistence of chronically and that administration of rapamycin enhances the m wvio
activated T cells in diseases such as rheumatoid arthritis, generation of memory precursor cells [31].
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Figure 7. Inhibition of OXPHOS in rapamycin T cells by oligomycin reduces their survival capability of resisting IL-2 withdrawal. P14
CD44'°CD8" Ty were stimulated in vitro with B6-derived DCs pulsed with gp33 plus IL-2, in the absence or presence of rapamycin (100 nM). (A) Six
days later, cells were collected, and washed three times and seeded in secondary cultures in the absence IL-2, with or without addition of oligomycin.
Cells were collected at the indicated time points, counted and calculated the live cell ratio as described in Fig. 1. (B) Control and rapamycin CD8" cells
recovered from cultured were re-seeded for the secondary culture in the presence of IL-2, or in the absence of IL-2 with or without addition of
oligomycin for 24 hours. Quantitative real-time RT-PCR was performed to measure the expression of Bcl-2, Bcl-xL, Bim and Bax. Data are shown as
means * SD and representative of three independently performed experiments. *p<<0.05, significant difference.
doi:10.1371/journal.pone.0020107.g007
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Figure 8. Inhibition of OXPHOS rapamycin T cells by oligomycin induces high levels of ROS and hyperpolarization of mitochondrial
membrane. P14 CD44"°CD8" Ty were stimulated in vitro with B6-derived DCs pulsed with gp33 plus IL-2, in the absence or presence of rapamycin
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difference.
doi:10.1371/journal.pone.0020107.g008

Enhanced generation of memory T' cells relies on improved
survival of memory cell precursors [14,17,19,31,52,58,59]. Several
lines of evidence indicate that augmented oxidative metabolism
may play an essential role in improving the survival of rapamycin
CD8" T cells. For example, deletion of Traf6, which encodes a
signal regulating fatty acid oxidation, impairs the transition of
effector T cells to memory cells [19]. In vivo administration of
metformin, a metabolic regulator of fatty acid oxidation [4],
increases the survival of antigen-activated T cells and their
differentiation into memory T cells [19]. These observations
suggest that OXPHOS is important for the formation of memory
T cells. We found that rapamycin CD8" memory cell precursors
significantly increased the rate of OXPHOS and acquired an
augmented ability to survive in cultures in the absence of either
glucose or growth factors. Furthermore, inhibiting OXPHOS with
oligomycin abrogated the ability of rapamycin CD8" T cells to
survive growth factor withdrawal. Thus, further investigating the
mechanisms by which increased oxidation metabolism improves
the survival of antigen-activated T cells will be important for
augmenting the generation of memory T cells.

Although previous studies suggest that upregulation of the
anti-apoptotic genes Bcl2 and Bcl-xL. might be important
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to improving the survival of rapamycin-treated T cells
[26,27,28,29,30], we confirmed that rapamycin T cells expressed
higher levels of Bcl-2 and Bcl-xL than control T cells in cultured
supplemented with IL-2. This may explain our results that
rapamycin T cells had greater ability than control T cells to
survive in the presence of growth factor. However, both
rapamycin T cells and control T cells down-regulated their
expression of Bcl-2 and Bel-xLL to the same low level in response
to IL-2 withdrawal, rapamycin T cells still had greater ability
than control T cells to survive under this condition. This suggests
that enhanced survival of rapamycin T cells in the absence of IL-
2 cannot be simply explained by the expression of Bcl-2 and Bel-
xL. Interestingly, we found that oligomycin inhibition of
OXPHOS led to a bioenergetic collapse in rapamycin T cells
in the culture without IL-2 supplement, such as mitochondrial
membrane hyperpolarization, increased ROS and reduced ATP
levels. Surprisingly, oligomycin increased the expression of Bcl-2
and Bcl-xLl in IL-2 deprived rapamycin T cells. These data
suggest that enhanced OXPHOS in rapamycin T cells may be
critical for preventing them from bioenergetic collapse in
response to growth factor withdrawal, thereby improving their
survival capability.
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In addition to increased OXPHOS, upregulated glycolysis may
be also important for enhanced survival capability of rapamycin
T cells. We observed that treatment of rapamycin T cells with 2-
DG resulted in a reduction of ATP levels in rapamycin to that
treated with oligomycin. This suggests that upregulated glycolysis
may also play an important role in rapamycin T cells, which can
be explained in several aspects. First, since 2-DG may also reduce
the production of pyruvate, a glucose-derived metabolite that is
oxidized in mitochondria through the tricarboxylic cycle [44,43],
it is possible that 2-DG-mediated reduction of ATP in rapamycin
T cells might be partially accounted for by a decrease in
OXPHOS of glucose-derived metabolites. Second, in addition to
producing ATP, high rates of glycolysis help maintain antioxidant
levels in activated T cells (e.g. pyruvate and glutathione), which
can prevent ROS from being formed or remove them before they
damage the cell [4,5]. This might explain how increased
oxidative metabolism in rapamycin T cells did not result in
enhanced levels of ROS, which could cause DNA damage and
cell death [60,61,62,63,64,65,66]. Thus, it is possible that the
hybrid phenotype of increased glycolysis and OXPHOS in
rapamycin T cells could provide an optimized cellular metabo-
lism to support their survival and generation of memory cell
precursors.

A better understanding of how rapamycin treatment creates this
hybrid metabolic phenotype in memory T cell precursors may lead
to the development of novel approaches to augment the formation
and maintenance of long-lived memory cells. Several studies
suggest that rapamycin treatment increases fatty acid oxidation
while reducing glycolysis in muscle cells [24], whereas others
suggest that rapamycin decreases oxidative metabolism in
leukemic cell line Jurkat cells. These data suggest that rapamycin
regulation of cellular metabolism may be context dependent due
to the nature of other available signals. Although mTOR is critical
for TCR/CD28-driven T cell proliferation and upregulation of
glycolysis [2,25], we found that inhibition of mTOR by rapamycin
neither prevented the upregulation of activation markers in
antigen-stimulated T' cells nor reduced the expression of GLUT-
1 and glucose uptake. It has been demonstrated that Pim kinases
are required for T cell growth and proliferation in the presence of
rapamycin [3]. Whether Pim kinases may be critical to the
regulation of cellular metabolism in rapamycin T cells has yet to
be determined.

It will be interesting to determine whether rapamycin treatment
increases the frequency of memory T cells or generates a cell with
distinctive metabolic properties from a rapamycin-untreated cell.
Many studies have demonstrated that antigen-activated CD62L™
T cells (central memory cells) but not CD62L" T cells (effector and
effector memory cells) are responsible for the generation of long-
lived memory T cells [15,31,48,49,50,51,52,67]. CD62L° T cells
derived from i vitro cultures may rapidly diminish  vivo following
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adoptive transfer [12,13,68,69]. We found that rapamycin-treated
T cells contained 4-fold more CD62L™ T cells in frequency than
control T cells, whereas control T cells had more CD62L° T cells
in fraction than rapamycin-treated T' cells. This coincides with our
observation that there were 4- to 5-fold more long-lived memory T
cells in mice receiving rapamycin-treated T cells than mice
receiving control T cells. Furthermore, we observed that at the
single cell level these long-lived memory T cells derived i vivo from
either rapamycin-treated T cells or control T cells expressed the
same phenotype and had similar ability to proliferate and produce
IFN-y. These rapamycin-treated T cells acquired effector traits in
response to antigenic stimulation. Thus, it is likely that rapamycin
treatment may increase the frequency of antigen-specific memory
T cells.

However, we do not rule out the possibility that CD62L" and
CD62L" T cells derived from rapamycin-treated cultures could
have different metabolic properties from their counterparts
generated in the absence of rapamycin. It has been demonstrated
that CD62L" effector T cells isolated from rapamycin-treated
mice have greater ability than CD62L" effector T cells derived
from rapamycin-untreated mice to generate more functional
memory T cells [31]. Most importantly, these rapamycin-treated
CD62LY effector T cells have enhanced capability of undergoing
conversion to CD62L™ central memory cells in vivo after adoptive
transfer [31]. These data suggest that rapamycin treatment could
enhance the plasticity of CD62L" effector T cells to develop into
central memory T cells. In our present study, the metabolic
properties of rapamycin-treated T cells could mainly reflect the
features of CD62L" T cells, and that of control T cells could be
accounted for by CD62L° T cells. Thus, future studies should be
investigating whether the metabolic features of rapamycin-treated
T cells can be acquired by memory T cells in the absence of
rapamycin and whether rapamycin-treated T cells may change
their metabolic features during immune response.

In summary, our data show that treatment of antigen-activated
CD8" T cells by rapamycin upregulated both OXPHOS and
glycolysis. This hybrid metabolism phenotype in rapamycin GD8*
T cells correlates with their enhanced ability to survive growth
factor withdrawal and augmented generation of memory T cells.
Thus, in vitro generated rapamycin T cells may represent a unique
cell model for identifying nutrients and metabolism-regulating
signals critical to memory cell precursors, thereby improving the
formation and maintenance of memory T cells.

Author Contributions

Conceived and designed the experiments: SH KK SM YZ. Performed the
experiments: SH KK DRW ]JJ] EMF. Analyzed the data: SH KK DMM
GDG SM YZ. Wrote the paper: SH YZ.

7. Ahmed R, Gray D (1996) Immunological memory and protective immunity:
understanding their relation. Science 272: 54-60.

8. Wherry EJ, Ahmed R (2004) Memory CD8 T-cell differentiation during viral
infection. J Virol 78: 5535-5545.

9. Bevan MJ (2004) Helping the CD8(+) T-cell response. Nat Rev Immunol 4:
595-602.

10. Badovinac VP, Harty JT (2006) Programming, demarcating, and manipulating
CD8+ T-cell memory. Immunol Rev 211: 67-80.

11. Williams MA, Holmes BJ, Sun JC, Bevan MJ (2006) Developing and
maintaining protective CD8+ memory T cells. Immunol Rev 211: 146-153.

12. Gattinoni L, Powell DJ, Jr., Rosenberg SA, Restifo NP (2006) Adoptive
immunotherapy for cancer: building on success. Nat Rev Immunol 6:
383-393.

13. June CH (2007) Principles of adoptive T cell cancer therapy. J Clin Invest 117:
1204-1212.

May 2011 | Volume 6 | Issue 5 | e20107



23.

24.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

39.

40.

41.

. Joshi NS, Kaech SM (2008) Effector CD8 T cell development: a balancing act

between memory cell potential and terminal differentiation. J Immunol 180:

1309-1315.

. Kaech SM, Hemby S, Kersh E, Ahmed R (2002) Molecular and functional

profiling of memory CD8 T cell differentiation. Cell 111: 837-851.

. Bannard O, Kraman M, Fearon DT (2009) Secondary replicative function of

CD8+ T cells that had developed an effector phenotype. Science 323: 505-509.

. Prlic M, Bevan MJ (2008) Exploring regulatory mechanisms of CD8+ T cell

contraction. Proc Natl Acad Sci U S A 105: 16689-16694.

. Wherry EJ, Teichgraber V, Becker TC, Masopust D, Kaech SM, et al. (2003)

Lineage relationship and protective immunity of memory CD8 T cell subsets.
Nat Immunol 4: 225-234.

. Pearce EL, Walsh MC, Cejas PJ, Harms GM, Shen H, et al. (2009) Enhancing

CD8 T-cell memory by modulating fatty acid metabolism. Nature 460:
103-107.

Schicke SM, Phillips D, McCoy JP, Jr., Aponte AM, Shen RF, et al. (2006) The
mammalian target of rapamycin (mTOR) pathway regulates mitochondrial
oxygen consumption and oxidative capacity. J Biol Chem 281: 27643-27652.

. Cunningham JT, Rodgers JT, Arlow DH, Vazquez F, Mootha VK, et al. (2007)

mTOR controls mitochondrial oxidative function through a YY1-PGC-lalpha
transcriptional complex. Nature 450: 736-740.

. Peng T, Golub TR, Sabatini DM (2002) The immunosuppressant rapamycin

mimics a starvation-like signal distinct from amino acid and glucose deprivation.
Mol Cell Biol 22: 5575-5584.

Brown NF, Stefanovic-Racic M, Sipula IJ, Perdomo G (2007) The mammalian
target of rapamycin regulates lipid metabolism in primary cultures of rat
hepatocytes. Metabolism 56: 1500-1507.

Sipula IJ, Brown NF, Perdomo G (2006) Rapamycin-mediated inhibition of
mammalian target of rapamycin in skeletal muscle cells reduces glucose
utilization and increases fatty acid oxidation. Metabolism 55: 1637-1644.

. Waullschleger S, Loewith R, Hall MN (2006) TOR signaling in growth and

metabolism. Cell 124: 471-484.

Slavik JM, Lim DG, Burakoff SJ, Hafler DA (2001) Uncoupling p70(s6) kinase
activation and proliferation: rapamycin-resistant proliferation of human CD8(+)
T lymphocytes. J Immunol 166: 3201-3209.

Slavik JM, Lim DG, Burakoff SJ, Hafler DA (2004) Rapamycin-resistant
proliferation of CD8+ T cells correlates with p27kipl down-regulation and bcl-
xL induction, and is prevented by an inhibitor of phosphoinositide 3-kinase
activity. ] Biol Chem 279: 910-919.

Jung U, Foley JE, Erdmann AA, Toda Y, Borenstein T, et al. (2006) Ex vivo
rapamycin generates Th1/Tcl or Th2/Tc2 Effector T cells with enhanced in
vivo function and differential sensitivity to post-transplant rapamycin therapy.
Biol Blood Marrow Transplant 12: 905-918.

Foley JE, Jung U, Miera A, Borenstein T, Mariotti J, et al. (2005) Ex vivo
rapamycin generates donor Th2 cells that potently inhibit graft-versus-host
disease and graft-versus-tumor effects via an IL-4-dependent mechanism.
J Immunol 175: 5732-5743.

Mariotti J, Foley J, Jung U, Borenstein T, Kantardzic N, et al. (2008) Ex vivo
rapamycin generates apoptosis-resistant donor Th2 cells that persist in vivo and
prevent hemopoietic stem cell graft rejection. J Immunol 180: 89-105.

Araki K, Turner AP, Shaffer VO, Gangappa S, Keller SA, et al. (2009) mTOR
regulates memory CD8 T-cell differentiation. Nature 460: 108-112.

Rao RR, Li Q, Odunsi K, Shrikant PA (2010) The mTOR kinase determines
effector versus memory CD8+ T cell fate by regulating the expression of
transcription factors T-bet and Eomesodermin. Immunity 32: 67-78.

Zhang Y, Joe G, Hexner E, Zhu J, Emerson SG (2005) Alloreactive Memory T
Cells Are Responsible for the Persistence of Graft-versus-Host Disease.
J Immunol 174: 3051-3058.

Zhang Y, Louboutin JP, Zhu J, Rivera AJ, Emerson SG (2002) Preterminal host
dendritic cells in irradiated mice prime CD8+ T cell-mediated acute graft-
versus-host disease. J Clin Invest 109: 1335-1344.

5. Zhang Y, Harada A, Wang JB, Zhang YY, Hashimoto S, et al. (1998) Bifurcated

dendritic cell differentiation in vitro from murine lineage phenotype-negative c-
kit+ bone marrow hematopoietic progenitor cells. Blood 92: 118-128.

Wahl DR, Petersen B, Warner R, Richardson BC, Glick GD, et al.
Characterization of the metabolic phenotype of chronically activated lympho-
cytes. Lupus.

Sariban-Sohraby S, Magrath IT, Balaban RS (1983) Comparison of energy
metabolism in human normal and neoplastic (Burkitt’s lymphoma) lymphoid

cells. Cancer Res 43: 4662-4664.

. Zhao Y, Wieman HL, Jacobs SR, Rathmell JC (2008) Mechanisms and methods

in glucose metabolism and cell death. Methods Enzymol 442: 439-457.

Chen C, Liu Y, Liu R, Ikenoue T, Guan KL, et al. (2008) TSC-mTOR
maintains quiescence and function of hematopoietic stem cells by repressing
mitochondrial biogenesis and reactive oxygen species. J Exp Med 205:
2397-2408.

Acuto O, Michel F (2003) CD28-mediated co-stimulation: a quantitative support
for TCR signalling. Nat Rev Immunol 3: 939-951.

Guppy M, Greiner E, Brand K (1993) The role of the Crabtree effect and an
endogenous fuel in the energy metabolism of resting and proliferating
thymocytes. Eur J Biochem 212: 95-99.

@ PLoS ONE | www.plosone.org

10

42,

44,

46.

47.

48.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

Cell Metabolism in Rapamycin-Treated CD8 T Cells

O’Rourke AM, Rider CC (1989) Glucose, glutamine and ketone body utilisation
by resting and concanavalin A activated rat splenic lymphocytes. Biochim

Biophys Acta 1010: 342-345.

. Roos D, Loos JA (1973) Changes in the carbohydrate metabolism of

mitogenically stimulated human peripheral lymphocytes. II. Relative impor-
tance of glycolysis and oxidative phosphorylation on phytohaemagglutinin
stimulation. Exp Cell Res 77: 127-135.

Dwarakanath BS, Jain V (1991) Effects of gamma-rays and glucose analogs on
the energy metabolism of a cell line derived from human cerebral glioma.

Indian J Biochem Biophys 28: 203-209.

. Dwarkanath BS, Jain VK (1989) Energy linked modifications of the radiation

response in a human cerebral glioma cell line. Int J Radiat Oncol Biol Phys 17:
1033-1040.

Jameson SC (2002) Maintaining the norm: T-cell homeostasis. Nat Rev
Immunol 2: 547-556.

Sprent J (2003) Turnover of memory-phenotype CD8+ T cells. Microbes Infect
5: 227-231.

Kaech SM, Wherry EJ (2007) Heterogeneity and cell-fate decisions in effector
and memory CD8+ T cell differentiation during viral infection. Immunity 27:
393-405.

. Kallies A (2008) Distinct regulation of effector and memory T-cell differenti-

ation. Immunol Cell Biol 86: 325-332.

. Lefrancois L, Marzo AL (2006) The descent of memory T-cell subsets. Nat Rev

Immunol 6: 618-623.

. Masopust D, Vezys V, Wherry EJ, Ahmed R (2007) A brief history of CD8 T

cells. Eur J Immunol 37 Suppl 1: S103-110.

. Wherry EJ, Ha SJ, Kaech SM, Haining WN, Sarkar S, et al. (2007) Molecular

signature of CD8+ T cell exhaustion during chronic viral infection. Immunity
27: 670-684.

. Perl A, Gergely P, Jr., Nagy G, Koncz A, Banki K (2004) Mitochondrial

hyperpolarization: a checkpoint of T-cell life, death and autoimmunity. Trends

Immunol 25: 360-367.

. Benke PJ, Drisko J, Ahmad P (1991) Increased oxidative metabolism in

phytohemagglutinin-stimulated lymphocytes from patients with systemic lupus
erythematosus is associated with serum SSA antibody. Biochem Med Metab Biol
45: 28-40.

. Hitchon CA, El-Gabalawy HS (2004) Oxidation in rheumatoid arthritis.

Arthritis Res Ther 6: 265-278.

. Kuhnke A, Burmester GR, Krauss S, Buttgereit I (2003) Bioenergetics of

immune cells to assess rheumatic disease activity and efficacy of glucocorticoid
treatment. Ann Rheum Dis 62: 133-139.

Zhou Q, Mrowietz U, Rostami-Yazdi M (2009) Oxidative stress in the
pathogenesis of psoriasis. Free Radic Biol Med 47: 891-905.

Joshi NS, Cui W, Chandele A, Lee HK, Urso DR, et al. (2007) Inflammation
directs memory precursor and short-lived effector CD8(+) T cell fates via the
graded expression of T-bet transcription factor. Immunity 27: 281-295.
Ahmed R, Bevan M]J, Reiner SL, Fearon DT (2009) The precursors of memory:
models and controversies. Nat Rev Immunol 9: 662-668.

Mehrotra S, Mougiakakos D, Johansson CC, Voelkel-Johnson C, Kiessling R
(2009) Oxidative stress and lymphocyte persistence: implications in immuno-
therapy. Adv Cancer Res 102: 197-227.

Thoren FB, Betten A, Romero Al, Hellstrand K (2007) Cutting edge:
Antioxidative properties of myeloid dendritic cells: protection of T cells and
NK cells from oxygen radical-induced inactivation and apoptosis. J Immunol
179: 21-25.

Thoren FB, Romero Al, Hellstrand K (2006) Oxygen radicals induce poly(ADP-
ribose) polymerase-dependent cell death in cytotoxic lymphocytes. J Immunol
176: 7301-7307.

Tejero-Taldo MI, Caffrey JL, Sun J, Mallet RT (1999) Antioxidant properties of
pyruvate mediate its potentiation of beta-adrenergic inotropism in stunned
myocardium. J Mol Cell Cardiol 31: 1863-1872.

Adams MM, Carpenter PB (2006) Tying the loose ends together in DNA double
strand break repair with 53BP1. Cell Div 1: 19.

. Lombard DB, Chua KF, Mostoslavsky R, Franco S, Gostissa M, et al. (2005)

DNA repair, genome stability, and aging. Cell 120: 497-512.

Liang Y, Lin SY, Brunicardi FC, Goss J, Li K (2009) DNA damage response
pathways in tumor suppression and cancer treatment. World J Surg 33:
661-666.

Chang JT, Palanivel VR, Kinjyo 1, Schambach F, Intlekofer AM, et al. (2007)
Asymmetric T lymphocyte division in the initiation of adaptive immune
responses. Science 315: 1687-1691.

Gattinoni L, Klebanoff CA, Palmer DC, Wrzesinski C, Kerstann K, et al. (2005)
Acquisition of full effector function in vitro paradoxically impairs the in vivo
antitumor efficacy of adoptively transferred CD8+ T cells. J Clin Invest 115:
1616-1626.

Zhang Y, Joe G, Zhu J, Carroll R, Levine B, et al. (2004) Dendritic cell-activated
CD44hiCD8+ T cells are defective in mediating acute graft-versus-host discase
but retain graft-versus-leukemia activity. Blood 103: 3970-3978.

May 2011 | Volume 6 | Issue 5 | 20107



