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The Journal of Immunology

Leptin Metabolically Licenses T Cells for Activation To Link
Nutrition and Immunity

Donte C. Saucillo,* Valerie A. Gerriets,† John Sheng,* Jeffrey C. Rathmell,†,‡,x and

Nancie J. MacIver*

Immune responses are highly energy-dependent processes. Activated T cells increase glucose uptake and aerobic glycolysis to sur-

vive and function. Malnutrition and starvation limit nutrients and are associated with immune deficiency and increased suscep-

tibility to infection. Although it is clear that immunity is suppressed in times of nutrient stress, mechanisms that link systemic

nutrition to T cell function are poorly understood. We show in this study that fasting leads to persistent defects in T cell activation

and metabolism, as T cells from fasted animals had low glucose uptake and decreased ability to produce inflammatory cytokines,

even when stimulated in nutrient-rich media. To explore the mechanism of this long-lasting T cell metabolic defect, we examined

leptin, an adipokine reduced in fasting that regulates systemicmetabolism and promotes effector T cell function.We show that leptin

is essential for activated T cells to upregulate glucose uptake and metabolism. This effect was cell intrinsic and specific to activated

effector T cells, as naive T cells and regulatory T cells did not require leptin for metabolic regulation. Importantly, either leptin

addition to cultured T cells from fasted animals or leptin injections to fasting animals was sufficient to rescue both T cell metabolic

and functional defects. Leptin-mediated metabolic regulation was critical, as transgenic expression of the glucose transporter Glut1

rescued cytokine production of T cells from fasted mice. Together, these data demonstrate that induction of T cell metabolism upon

activation is dependent on systemic nutritional status, and leptin links adipocytes to metabolically license activated T cells in states

of nutritional sufficiency. The Journal of Immunology, 2014, 192: 136–144.

N
utritional status is well known to regulate immune
function, as obesity is associated with increased in-
flammation, whereas malnutrition is associated with

immune deficiency and increased susceptibility to infection (1–3).
Although the links between nutrition and adaptive immunity re-
main poorly understood, systemic energy balance between the
demands of the immune system and other life-critical systems,
such as cardiovascular, respiratory, and neurologic, must be
maintained and prioritized. Immune responses can consume sig-
nificant nutrients. Although resting T cells use an oxidative me-
tabolism primarily for ATP generation, effector T cell activation
sharply increases the demand for macromolecule biosynthesis (1).
To meet this need, activated effector T cells dramatically increase
glucose uptake and metabolism to activate a program of aerobic
glycolysis reminiscent of cancer cells (4, 5). It has recently been
demonstrated that regulatory pathways controlling T cell metab-
olism are intimately linked to T cell function (4, 6, 7). Increased

expression of the glucose transporter Glut1 is sufficient to increase
T cell cytokine production and proliferation (5). Moreover, acti-

vated effector T cells rely on glucose availability, glucose uptake,
and aerobic glycolysis to survive and function properly (5, 8).
How T cell metabolic demands are regulated by systemic nutri-

tional status, however, is not clear.
The adipokine leptin may play a key role to balance energy

expenditure and nutritional status in the immune system. Leptin is
secreted in proportion to adipocyte mass and is best known for its

role in regulating body weight and energy expenditure via signaling
in the hypothalamus, where full-length leptin receptors (LepRs) are
highly expressed (9, 10). However, leptin is also a critical regulator

of immunity and functions as a proinflammatory cytokine (11, 12).
Leptin deficiency in both mouse and human results in immune
defects characterized by decreased total T cell number, decreased

CD4+ T cell number, and a skewing away from a Th1 and toward
a Th2 phenotype, resulting in protection against certain forms of
autoimmunity and increased susceptibility to intracellular infec-
tions (13–16). Both the metabolic and immune defects in leptin

deficiency are reversed following treatment with recombinant
leptin protein (17–19); however, the mechanisms of leptin regu-
lation of immunity and T cell function are uncertain (20, 21).
The LepR is a member of the class I cytokine receptor family and

is upregulated on T cells following activation (22, 23). Signaling
via the LepR results in increased PI3K/Akt activity, Jak2/STAT3

activation, and MAPK signaling (24–27). Leptin has also been
found to activate mammalian target of rapamycin (mTOR) com-
plex 1 in regulatory T cells (Treg) and correlate with hypores-
ponsiveness and decreased proliferation of Treg (28). Many of

these signaling molecules, particularly PI3K/Akt and mTOR
complex 1, have been implicated in the regulation of T cell me-
tabolism (1). Previous studies suggest that leptin exerts effects on

T cell number and function both by direct signaling through
LepRs expressed on the T cell and indirectly through influences on
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the T cell environment (29–33). Direct leptin signaling may en-
hance the production of Th1 type cells, promoting inflammation,
stimulating lymphocyte proliferation, and protecting against lym-
phocyte apoptosis (11, 32, 34). No role for leptin in T cell meta-
bolism, however, has been reported.
In this study, we show that leptin is essential to link T cell me-

tabolism to nutritional status and balance energy expenditure and
immunity. Fasting-induced hypoleptinemia led to persistent T cell
metabolic and activation defects. We found leptin was required
for activated effector, but not Treg, cells to upregulate the glucose
transporter Glut1 to support glucose uptake and metabolism required
for proliferation and inflammatory cytokine production. Defects in
glucose metabolism and function of activated peripheral T cells from
fasted mice were rescued by leptin given either in vitro to isolated
T cells in culture or in vivo to fasted animals. Importantly, direct
rescue of glucose uptake with a Glut1 transgene also overcame
functional defects induced by fasting and hypoleptinemia. These
results show that leptin provides a crucial metabolic licensing signal
to allow activated T cells to increase glucose metabolism, thus
linking nutritional status, cellular metabolism, and immunity.

Materials and Methods
Mice

C57BL/6J, LepR mutant (db2/2), LepR floxed (LepR-fl), Lck-Cre, CD4-
Cre, and Rag1 knockout mice were purchased from The Jackson Labo-
ratory (Bar Harbor, ME). Lck-Cre–transgenic mice were crossed with
LepR-fl mice to generate LepR-fl/fl Lck-Cre+ mutants, LepR-fl/+ Lck-Cre+

heterozygotes, and LepR+/+Lck-Cre+ controls. CD4-Cre–transgenic mice
were crossed with LepR-fl mice to generate LepR-fl/fl CD4-Cre+ mutants
and LepR+/+CD4-Cre+ controls. Glut1 transgenic (Glut1 Tg) mice were
previously described (5). Mice were bred and housed under specific
pathogen-free conditions at Duke University Medical Center. All studies
were performed under protocols approved by the Institutional Animal Care
and Use Committee. For fasting studies, mice were deprived of food for up
to 48 h, but had full access to water. Where indicated, recombinant leptin
(R&D Systems, Minneapolis, MN) was injected at a concentration of 1 mg/g
body weight, twice daily for 48 h while fasting; PBS of equal volume was
injected into control mice. Experiments were performed using sex-matched
mice between 8 and 24 wk of age.

Cell purification and culture

T cells were purified from spleen and mesenteric lymph nodes by negative
selection (StemCell Technologies, Vancouver, BC, Canada), and cells were
cultured in RPMI 1640 (Mediatech, Washington, D.C.) supplemented with
or without 1 or 10% FBS (Gemini Bio-Products, West Sacramento, CA),
L-glutamine (Invitrogen, Chicago, IL), penicillin-streptomycin (Invitrogen),
HEPES buffer solution (Life Technologies, Carlsbad, CA), and 2-ME
(Sigma-Aldrich, St. Louis, MO). T cell activation was induced by either
culturing purified T cells on anti-CD3ε (clone 145-2C11) and anti-CD28
(clone 37.51)–coated plates (eBioscience, San Diego, CA) or coculturing
with macrophages. For macrophage T cell cocultures, macrophages were
derived from murine bone marrow and cultured in RPMI 1640 with addition
of 3 ng/ml GM-CSF (eBioscience) for 7 d. Bone marrow cultures were
washed, and macrophages were trypsinized, replated, and treated with LPS
from Escherichia coli O127:B8 (Sigma-Aldrich) at 100 mg/ml for 1 h,
followed by addition of freshly purified T cells. T cell macrophage cocul-
tures were cultured with anti-CD3 (eBioscience) at 0.01 mg/ml for 1 d.
Nonadherent cells were removed and replated for 1 h. Cells that remained
nonadherent were .90% T cells and subject to further analysis. For Th17
and Treg subset generation, CD4+ T cells were stimulated on irradiated
splenic feeder cells (3000 rad) with 2.5 mg/ml anti-CD3 Ab at a ratio of 1:5.
The Th17 subset was generated by culture with TGF-b (2 ng/ml; R&D
Systems) and IL-6 (20 ng/ml; eBioscience); the Treg subset was generated
by culture with TGF-b alone (3 ng/ml). On day 3 poststimulation, cells
were split 1:2, washed, and replated with IL-2 alone for an additional 2 d.
Where indicated, recombinant leptin (R&D Systems) was added into media
at a concentration of 250 ng/ml (15.6 nM).

Flow cytometry and ELISA

Proliferation was determined by staining T cells with CFSE (Invitrogen)
before culture and analyzed by dilution of fluorescent dye flow cyto-

metrically. All flow cytometry was performed on an MACSQuant Analyzer
(Miltenyi Biotec, Auburn, CA) and analyzed with FlowJo software (Tree
Star, Ashland, OR). ELISAs were performed on supernatant from T cell
cultures using rat Abs against murine IL-2 and IFN-g (BD Pharmingen,
San Jose, CA) and recombinant standards as previously described (5).
Leptin ELISA was performed using Leptin Mouse Quantikine ELISA kit
(R&D Systems) as per the manufacturer’s instructions.

Metabolism assays

Assays for glucose uptake and glycolytic flux were performed as previously
described (5, 6). Oxygen consumption rates and extracellular acidification
rates were measured with an extracellular flux analyzer (Seahorse Bio-
science, North Billerica, MA).

Quantitative real-time PCR and immunoblot analysis

Total mRNAwas isolated frommouse T cells using TRIzol (Invitrogen), and
cDNA was synthesized from RNA using the iScript cDNA synthesis kit
(Bio-Rad, Hercules, CA). Quantitative PCR was performed using iQ SYBR
Green Supermix (Bio-Rad) and the following primers: glut1 forward, 59-
AGC CCT GCT ACA GTG TAT-39 and glut1 reverse, 59-AGG TCT CGG
GTC ACA TC-39; and lepR forward, 59-GCT CTT CTG ATG TAT TTG
GAA ATC-39 and lepR reverse, 59-ACC TGATAT TGA AGC GGA AAT
GG-39. All samples were normalized to b2-microglobulin mRNA levels.
For immunoblotting, cells were lysed for 1 h on ice in 1% Triton X-100
and 0.1% SDS containing protease inhibitors (BD Pharmingen). Equiva-
lent protein concentrations were loaded on SDS-PAGE gels (Bio-Rad) and
probed with primary rabbit anti-Glut1 (Abcam, Cambridge, MA), followed
by secondary anti-rabbit HRP (BD Pharmingen) and ECL (Thermo Sci-
entific, Waltham, MA) for visualization.

Bone marrow transplants

Bone marrow was isolated from C57BL/6J and db2/2 donor mice and
injected via the tail vein into Rag1 knockout recipients that had been ir-
radiated the day prior. Transplanted mice were maintained on antibiotic
(Septra; Monarch Pharmaceuticals) water. Following 18 wk of reconsti-
tution, recipient mice were sacrificed, and T cells were isolated from
spleen and lymph nodes, as described above.

Statistical analysis

Data are presented as mean 6 SD and were analyzed using a two-tailed
Student t test. A confidence level of p , 0.05 was considered statistically
significant for all data.

Results
Fasting leads to persistent functional and metabolic T cell
defects

Acute starvation and malnutrition can sharply reduce circulating
leptin levels and are associated with immune defects (35–37). The
mechanisms by which nutritional status is linked to energy-costly
immune responses, however, are largely unknown. Effector T cells
are highly dependent on glucose uptake and metabolism. To ex-
amine the role of fasting on T cell metabolism and function, wild-
type (wt) C57BL/6J mice were fasted or fed ad libitum for 48 h.
As previously described (37), fasting decreased serum leptin
levels (Fig. 1A) and led to lower thymocyte and peripheral total
T cell numbers (Supplemental Fig. 1). Remaining T cells were
then isolated from control and fasted mice, cultured in complete
media, and activated with Abs to CD3 and CD28 for metabolic
and functional studies.
Despite culture in nutrient-rich media for 48 h, peripheral T cells

isolated from fasted mice had persistent functional defects after
stimulation. T cells from fasted mice had decreased ability to
secrete IL-2 and IFN-g compared with T cells isolated from fed
controls stimulated under identical conditions (Fig. 1B, 1C).
Moreover, whereas resting T cells from fasted or fed mice had
equivalent levels of glucose uptake and glycolysis (Fig. 1D, 1E),
activated peripheral T cells from fasted animals failed to fully
increase glucose metabolism. Fasted T cells had an inability to
upregulate glucose uptake (Fig. 1D) and glycolytic flux (Fig. 1E)
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upon activation in complete media compared with T cells isolated
from fed controls. These data show that fasting leads to reduced
leptin levels and a persistent T cell defect in the ability to up-
regulate cellular metabolism during activation, even when nutrients
are abundant. Nutrient availability itself, therefore, is not the crit-
ical regulatory element in this setting to allow metabolic reprog-
ramming for T cell activation.

Leptin is required for activated T cell proliferation and
inflammatory cytokine production

Given that hypoleptinemia was associated with fasting, we sought
to determine if leptin could act to directly influence T cell function
and metabolism. We first examined the ability of leptin to mod-
ulate inflammatory cytokine production in peripheral T cells. wt
C57BL/6J CD4+ T cells were purified and activated with Abs to
CD3 and CD28 in serum-free media in the presence or absence of
exogenous leptin. Full activation of T cells with anti-CD3 to-
gether with anti-CD28 costimulation resulted in a 2-fold increase
in IL-2 and IFN-g production in the absence of leptin. Although
leptin had no effect on T cells stimulated only through anti-CD3,
provision of exogenous leptin augmented inflammatory cytokine
production of T cells fully activated with both anti-CD3 and anti-
CD28 (Fig. 2A, 2B). These data are consistent with previous reports
that LepR is induced after T cell activation (22) and promotes in-
flammatory cytokine production. In addition, these data demonstrate
that leptin requires stimulation of the TCR together with costimu-
lation.
CD4+ T cells were next isolated from wt (db+/+) and LepR-

deficient (db2/2) mice and activated in coculture with bone
marrow–derived LPS-activated macrophages to provide costim-
ulatory signals. Leptin is available from serum in culture media in
these experiments. Activation of db2/2 CD4+ T cells resulted in
decreased IFN-g production as compared with db+/+ CD4+

T cells (Fig. 2C). Additionally, although activation of wt db+/+

CD4+ T cells resulted in robust proliferation, as indicated by
dilution of CFSE, LepR-deficient db2/2 CD4+ T cells showed
only modest proliferation (Fig. 2D). Thus, LepR signaling is re-
quired for normal proliferation in activated peripheral T cells
in vitro. Altogether, these results demonstrate that leptin pro-
motes T cell proliferation and inflammatory cytokine production
after activation.

Leptin signaling is required for normal rates of glucose uptake,
glycolysis, and mitochondrial respiration in activated T cells

Activated T cells rely on increased glucose metabolism to survive,
proliferate, and produce cytokines; therefore, changes in T cell
metabolism can directly impact T cell function and fate (5, 6,
38, 39). Given the ability of leptin to regulate both systemic

FIGURE 1. Fasting-induced hypoleptinema is as-

sociated with persistent functional and metabolic T

cell defects. (A) wt C57BL/6J mice were either fasted

for 48 h or allowed to feed ad libitum. All mice had

full access to water. At the end of the fast, serum was

collected from blood, and circulating leptin levels

were measured by ELISA. Data are representative of

five independent experiments, three mice per group.

(B and C) Peripheral T cells from control and fasted

C57BL/6J mice were then cultured in complete me-

dia with full nutrients and activated with Abs to CD3

and CD28 for 48 h, after which IL-2 and IFN-g were

measured in culture supernatants by ELISA. Data are

representative of six independent experiments, three

mice per group. (D) Glucose uptake was assessed

by 3[H]2-deoxyglucose uptake in both resting and

activated peripheral T cells. Data are representative

of two independent experiments for glucose up-

take, three mice per group. (E) Glycolytic flux was

determined by the generation of tritiated water by

enolase in both resting and activated peripheral

T cells. Data are representative of two independent

experiments for glycolysis, three mice per group.

FIGURE 2. Leptin promotes activated T cell proliferation and inflam-

matory cytokine production. (A and B) CD4+ T cells were isolated from wt

C57BL/6J mice and stimulated with anti-CD3 alone or in the presence of

anti-CD28 in serum-free media for 24 h. Cells were then treated with (gray

bars) or without (black bars) 250 ng/ml leptin for an additional 24 h, after

which supernatants were collected, and IL-2 (A) and IFN-g (B) production in

culture supernatants were measured by ELISA. Data are representative of

two independent experiments. (C) CD4+ T cells were isolated from wt (db+/+,

black bar) or LepR-deficient (db2/2, white bar) mice and activated by co-

culture with wt bone marrow–derived macrophages activated with LPS plus

low-dose anti-CD3 Ab for 48 h; production of IFN-g in culture supernatants

was measured by ELISA. Data are representative of three independent

experiments. (D) CD4+ T cells from wt (db+/+, thin black line) or LepR-

deficient (db2/2, thick gray line) mice were activated with anti-CD3 and

anti-CD28 Abs for 72 h. Proliferation was determined by staining T cells

with CFSE prior to culture and analyzing dilution of the fluorescent dye flow

cytometrically. Data are representative of two independent experiments.
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metabolism (9) and T cell function, we hypothesized that leptin
may directly control peripheral T cell glucose metabolism. This
role for leptin has been shown in other metabolic cells, including
muscle and adipose (40, 41). To test this potential mechanism of
leptin action on T cells, CD4+ T cells were isolated from wt (db+/+)
and LepR–deficient (db2/2) mice, and glucose uptake was ex-
amined in both resting T cells and T cells activated with Abs to
CD3 and CD28 in normal media with serum containing leptin.
Although LepR deficiency (db2/2) had no impact on glucose
uptake of resting T cells, T cells stimulated with both anti-CD3
and anti-CD28 were dependent on LepR signaling to maximally
upregulate glucose uptake following activation (Fig. 3A).
Downstream of glucose uptake, glucose is metabolized to py-

ruvate through glycolysis, and glucose-derived pyruvate is either
converted to lactate for secretion or oxidized in the mitochondria.
The glycolytic rate was equivalent in resting T cells from db2/2

and db+/+ mice (Fig. 3B). Consistent with reduced glucose uptake
in activation, however, LepR-deficient db2/2 activated T cells had
decreased rates of glycolytic flux when determined by addition of
[3H]glucose to measure production of [3H]H2O by enolase, the
penultimate glycolytic enzyme (42) (Fig. 3B). To examine the
subsequent steps in glucose metabolism through conversion of
pyruvate to lactate or through entry of pyruvate into the mito-
chondria for oxidative metabolism, we used extracellular flux anal-
ysis to examine media acidification as an indicator of lactate
production and oxygen consumption to indicate mitochondrial
metabolism. In both metabolic fates for glucose-derived metabo-
lites, activated LepR-deficient db2/2 CD4+ T cells had reduced flux
compared with wt db+/+ T cells (Fig. 3C, 3D). LepR, therefore, is
essential to maximally upregulate glucose metabolism during T cell
activation.

Leptin regulates glucose metabolism in part by upregulation of
Glut1

A family of glucose transporters mediates glucose uptake, and
Glut1 is considered the primary glucose transporter expressed on
the surface of activated T cells. The surface expression of Glut1 on
T cells is highly regulated (43–45), and Glut1 can be a limiting
component of glucose metabolism upon T cell activation (5). To
test if failure to increase Glut1 expression contributed to the de-
fective metabolic response of T cells that fail to receive leptin

signals, CD4+ T cells from db2/2 and db+/+ mice were activated
in the presence or absence of anti-CD3 and anti-CD28 for 48 h,
and Glut1 expression was measured. Leptin is available from se-
rum in culture media in these experiments. LepR-deficient db2/2

T cells had significantly reduced induction of Glut1 RNA follow-
ing activation relative to db+/+ controls (Fig. 4A). We next ex-
amined the expression of Glut1 protein in db2/2 versus wt (db+/+)
control CD4+ T cells. Like Glut1 mRNA, total Glut1 protein in-
duction was reduced in LepR-deficient T cells following activation
(Fig. 4B; note that Glut1 runs as a smear due to glycosylation;
quantification of Glut1 protein levels normalized to actin from
duplicate experiments is shown below).
To determine to what extent leptin-mediated regulation of Glut1

may account for the effect of leptin on T cell metabolism, we
measured the effect of leptin on Glut1 Tg T cells (5). CD4+ T cells
were isolated from T cell–specific Glut1 Tg animals and age-
matched wt controls and activated with Abs to CD3 and CD28 in
serum-free media in the presence or absence of exogenous leptin.
Leptin stimulation resulted in increased glucose uptake in acti-
vated wt T cells. As expected, glucose uptake was higher in ac-
tivated Glut1 Tg T cells than in wt T cells. Leptin, however, did
not further augment glucose uptake (Fig. 4C).

The effects of leptin on activated T cell function and
metabolism are hematopoietic cell intrinsic

Leptin can act on a variety of cell types, including thymic stroma,
and therefore, the role of leptin in regulation of T cell number and
function may be from indirect effects on T cell development and
environment (30, 33). To examine whether the effects of leptin on
activated peripheral T cell function and metabolism are hemato-
poietic cell intrinsic or extrinsic, we performed bone marrow
transplants of LepR-deficient (db2/2) and wt (db+/+) hematopoi-
etic cells into irradiated Rag1 knockout (LepR wt) recipients.
Following immune reconstitution, activated CD4+ T cells from
mice that received db2/2 or db+/+ bone marrow were compared
in vitro for production of inflammatory cytokine IFN-g as well as
glucose metabolism. T cells from recipient mice that received
LepR-deficient db2/2 bone marrow had defects in both IFN-g
production (Fig. 5A) and glucose uptake (Fig. 5B) following ac-
tivation compared with T cells from recipient mice that received
bone marrow from db+/+ controls. Similarly, recipient mice that

FIGURE 3. Leptin signaling is required for normal

rates of glucose uptake, glycolysis, and mitochondrial

respiration in activated T cells. (A and B) CD4+ T cells

were isolated from db+/+ (black bars) or db2/2 (white

bars) mice. Glucose uptake was assessed by 3[H]2-

deoxyglucose uptake (A), and glycolytic flux was de-

termined by the generation of tritiated water by enolase

(B) in both resting cells and cells activated with anti-

CD3 and anti-CD28 Abs for 48 h, as indicated. Rep-

resentative data are shown. Extracellular acidification

rates (C) and basal oxygen consumption rates (D) were

measured using a Seahorse Extracellular Flux Analyzer

in activated T cells isolated from wt (db+/+, black bar)

or LepR-deficient (db2/2, white bar) mice. Data are

representative of two independent experiments.
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received LepR-deficient db2/2 bone marrow had defects in gly-
colysis following T cell activation (Fig. 5C) compared with re-

cipient mice that received bone marrow from db+/+ controls.
Importantly, resting T cells had equivalent glycolysis (Fig. 5C).

Leptin directly regulates T cell metabolism and function

The intrinsic role of leptin in T cell inflammatory cytokine pro-
duction and metabolism was confirmed in genetic studies using
mice with a conditional LepR deletion. We generated conditional
T cell–specific LepR knockout mice by crossing LepR-fl/fl ani-
mals with mice expressing a Cre recombinase transgene under the
control of the proximal Lck promoter (Lck-Cre), and confirmed
significantly lower LepR expression in the conditional knockout
following activation using RT-PCR (Fig. 6A). Consistent with
prior studies that showed induction of LepR expression after T cell
activation, LepR expression was not detectable in resting T cells
(22). Activated CD4+ T cells isolated from T cell–specific LepR
knockout mice secreted less IFN-g than T cells isolated from
heterozygous controls (Fig. 6B). Moreover, T cell–specific LepR
deficiency reduced activated T cell glucose uptake relative to
heterozygous LepR-fl/+ controls (Fig. 6C). These studies confirm
a direct effect of leptin on T cell metabolism and cytokine pro-
duction.
Leptin has a known role in modulating CD4+ T cell subset

differentiation. As a proinflammatory cytokine, leptin upregulates
Th1 and Th17 cells while inhibiting Treg proliferation (46–49). To
examine the direct effect of leptin on CD4+ T cell subset metab-
olism, we generated conditional CD4+ T cell–specific LepR
knockout mice (LepR-fl/fl animals crossed with CD4-Cre). CD4+

T cells were isolated from LepR knockout and control mice and
induced in vitro to differentiate into Th17 cells and Treg, as de-
scribed previously (6). Following 3 d of in vitro cell differentia-
tion, the cells were split and cultured for an additional 2 d in the
presence of IL-2, after which glycolytic flux was determined.
CD4+ T cell–specific LepR knockout Th17 cells had significantly
decreased glycolysis as compared with LepR-expressing controls,
whereas Treg generated from CD4+ T cell–specific LepR knock-
out had equal glycolytic rate as LepR-expressing controls (Fig.

FIGURE 4. Leptin regulates glucose metabolism in part by upregulation of Glut1. (A) CD4+ T cells were isolated from wt (db+/+, black bars) or LepR-

deficient (db2/2, white bars) mice and activated with or without (No stim) anti-CD3 and anti-CD28 for 48 h. Glut1 mRNA expression was determined by

quantitative PCR. Data are expressed relative to b2-microglobulin (b2M) RNA levels and normalized to mRNA levels in unstimulated wt T cells. Data are

representative of two independent experiments. (B) CD4+ T cells were isolated from wt (db+/+, black bars) or LepR-deficient (db2/2, white bars) mice and

activated with or without (No stim) anti-CD3 and anti-CD28 Abs, as indicated, for 48 h. Lysates were resolved by SDS-PAGE and immunoblotted using Abs

to Glut1 and actin. Glut1 is heavily glycosylated and appears as a large smear on Western blot. Bar graphs depict densitometry of the Glut1 band, normalized

to actin, in wt (db+/+) versus LepR-deficient (db2/2) animals, as averaged from two additional independent experiments. (C) CD4+ T cells from wt or T cell–

specific Glut1 Tg were isolated and stimulated with anti-CD3 and anti-CD28 in serum-free media for 24 h. Cells were then treated with (gray bars) or without

(black bars) 250 ng/ml leptin for an additional 24 h, after which glucose uptake was measured. Data are representative of two independent experiments.

FIGURE 5. The effects of leptin on activated T cell function and me-

tabolism are hematopoietic cell intrinsic. Irradiated Rag recipient mice were

transplanted with bone marrow isolated from wt (db+/+, black bars) or

LepR-deficient (db2/2, white bars) donors. Following full immune recon-

stitution at 18 wk, the following experiments were performed. (A) CD4+

T cells were isolated and activated with anti-CD3 and anti-CD28 for 48 h,

followed by measurement of IFN-g production by ELISA. (B and C) Resting

and activated CD4+ T cells were evaluated for glucose uptake. Glucose

uptake data are representative of five independent experiments (B) and

glycolytic flux data are representative of three independent experiments (C).
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6D). These data indicate that LepR signaling is critical for glucose
metabolism in effector Th17 cells, but not Treg. This is consistent

with previous reports that have found Th17 to be highly glycolytic

and Treg to depend on an oxidative metabolism, rather than glu-

cose uptake for energy metabolism (6, 7).

Persistent functional and metabolic defects of T cells from
fasted animals can be rescued by either leptin or increased
glucose uptake

In addition to reduced leptin, fasting leads to a variety of systemic
hormonal and nutritional effects that could impact T cell metab-

olism and function (37). To examine the contribution of reduced

leptin alone in fasting-induced peripheral metabolic T cell defects,

T cells were isolated from control fed and fasted animals and

activated in vitro in control media or with addition of exogenous

leptin. Despite the presence of leptin in serum, a low concentra-

tion was required (1%) to maintain cell viability in T cells from

fasted animals. Importantly, even with a low level of serum-
derived leptin, provision of additional leptin was sufficient to re-
store glucose uptake in activated T cells from fasted mice to levels
equivalent to that of control T cells isolated from animals fed ad
libitum (Fig. 7A). Similarly, leptin addition restored IL-2 and IFN-g
production of T cells from fasted animals to levels at or above
those of T cells isolated from fed controls (Fig. 7B, 7C). In these
low-serum conditions, additional leptin did not, however, augment
IL-2 production beyond what was seen in T cells isolated from the
fed controls and incubated in media with 1% serum. Exogenous
leptin did indeed increase IFN-g secretion above that seen in
T cells from the fed controls. These results suggest that, whereas
leptin is sufficient to reverse the persistent defects in T cell
function and metabolism induced by fasting, the effect of leptin
on IL-2 and IFN-g production is likely concentration dependent.
Rescue of persistent metabolic and functional defects in T cells

from fasted and hypoleptinemic animals by in vitro provision of

FIGURE 6. T cell–intrinsic LepR signaling is re-

quired for activated T cell inflammatory cytokine pro-

duction and glucose metabolism. (A) T cell–specific

LepR conditional knockout was generated using cre-

lox recombination. LepR expression was determined by

RT-PCR using primers to LepR and b2-microglobulin

(B2M, control). CD4+ T cells were isolated from con-

ditional LepR knockout (white bars) versus heterozy-

gous control mice (black bars) and activated with anti-

CD3 and anti-CD28 Abs for 48 h, after which IFN-g

concentration was measured in culture supernatants by

ELISA (B), and glucose uptake was assessed (C). Data

are representative of two independent experiments. (D)

CD4+ T cells were isolated from CD4+ T cell–specific

conditional LepR knockout (white bars) and homozy-

gous control mice (black bars) and induced to differ-

entiate into Th17 and Treg populations in vitro, after

which glycolytic rate was determined. Data are repre-

sentative of two independent single-mouse experi-

ments. No stim, no stimulation.

FIGURE 7. Defective glucose metabolism and in-

flammatory cytokine production in activated peripheral

T cells from fasted mice are rescued by leptin in vitro.

T cells were isolated from control or fasted C57BL/6

mice, activated with anti-CD3 and anti-CD28 for 24 h

in low-serum (1%) conditions, and then treated with or

without 250 ng/ml additional leptin for an additional

24 h, after which glucose uptake was measured (A), and

cytokine production (B, C) was measured by ELISA.

Data are representative of two independent experi-

ments, three mice per experimental group.

The Journal of Immunology 141

 at D
uke M

ed L
ib Serials D

ept on M
arch 27, 2014

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/
http://www.jimmunol.org/


leptin suggested that leptin provides a signal essential for T cells to
upregulate glucose metabolism upon activation. The contribution
of leptin to peripheral T cell function and metabolism in fasted
animals was, therefore, studied in vivo. Fasted mice received either
twice-daily i.p. injections of PBS or recombinant leptin in PBS. Fed
control mice received PBS injections. Thymocytes and peripheral
T cells were isolated after 48 h of treatment. In vivo leptin ad-
ministration during fasting partially rescued the cell-number ab-
normalities acquired from fasting (37) and reduced the loss of
thymocytes and peripheral T cell numbers (Supplemental Fig. 2A,
2B). To test if leptin altered the functional defects imparted by
fasting, peripheral T cells were isolated and activated with Abs to
CD3 and CD28 in full nutrient media for an additional 48 h in the
absence of any additional leptin. Importantly, IL-2 and IFN-g
production of in vitro–stimulated T cells from fasted mice was
fully restored to control levels by in vivo leptin treatment (Fig. 8A,
8B). In addition, in vivo leptin treatment prevented the T cell
metabolic defects and maintained glucose uptake of in vitro–stim-
ulated T cells from fasted mice to a level similar to that of T cells
from normally fed animals (Fig. 8C).
As leptin signal promotes Glut1 expression, and fasting is as-

sociated with both lower leptin levels and decreased glucose uptake
and metabolism, we tested if independent support of glucose up-
take by Glut1 Tg was sufficient to rescue T cells from persistent
metabolic and functional defects in fasting. T cells from wt and
Glut1 Tg–fed control and fasted mice were isolated and cell
counts obtained. The Glut1 transgene did not augment T cell count
in either the fed control (5) or fasted condition (Supplemental Fig.
2C), demonstrating that glucose uptake alone is not sufficient to
prevent T cell loss in fasting. Next, T cells from wt and Glut1 Tg–
fed control mice were compared with cells from fasted mice that
received either twice-daily i.p. injections of PBS or recombinant
leptin in PBS. T cells were isolated and stimulated in vitro with
anti-CD3 and anti-CD28 for 48 h, and glucose uptake and cyto-
kine production were measured. Transgenic expression of Glut1
increased and maintained T cell glucose uptake even in fasting
(Fig. 8D). Although leptin rescued defects in T cell glucose me-
tabolism and cytokine production in fasted wt mice, T cells from
Glut1 Tg mice, which already resist fasting-induced defects in
metabolism and function, did not further upregulate glucose up-
take or IFN-g production in response to leptin. Importantly, Glut1

Tg T cells also resisted fasting-induced dysregulation of T cell
cytokine production and maintained the ability to secrete IFN-g

(Fig. 8E). Thus, persistent fasting-induced T cell defects appear

due, in part, to an inability of T cells to increase glucose uptake

and metabolism even when activated in the presence of abundant

nutrients. We conclude that leptin acts directly on T cells to license

metabolic reprogramming in activation, linking systemic nutrient

status with T cell metabolism and function.

Discussion
Nutritional status is a critical regulator of overall immune function.
Malnutrition reduces immunity and markedly increases the risks

and mortality from severe infections (2). In contrast, obesity

predisposes to systemic inflammation that promotes the develop-

ment of certain forms of autoimmunity, asthma, and insulin re-

sistance, leading to type 2 diabetes (3, 50–53). There is growing

evidence that adipocytes and immune cells coordinate nutritional

status and immunity. One mechanism for this interaction is

through secretion of adipokines, such as leptin, that can directly

convey the state of nutrient availability to peripheral lymphocytes

and other immune cells (10, 50). This communication of nutri-

tional status to immune cells is critical to maintain energy balance

in immunological defense, as activated effector lymphocytes have

a very high metabolic demand essential for growth, proliferation,

and the production of proteins required for a successful immune

response (54–56). Leptin, in particular, has been shown to link

adipose stores to immunity, as leptin deficiency has been associ-

ated with decreased immune reactivity in both mouse and human

studies (14, 16, 19). Both neutralization of leptin in wt mice and

genetic leptin deficiency lead to decreased susceptibility to auto-

immunity in animal models of experimental autoimmune en-

cephalitis, glomerulonephritis, colitis, and hepatitis and increased

susceptibility to intracellular infections (11). Additionally, calorie

restriction has been shown to attenuate autoimmune diseases such

as experimental autoimmune encephalitis in mice (57), and fasting-

induced hypoleptinemia was seen to expand Treg in a lupus-prone

mouse model (58). Our study now shows leptin acts directly on

activated effector T cells to allow glucose uptake and metabolic

reprogramming that link systemic nutrient availability to metabolic

licensing of T cells essential for activation.

FIGURE 8. Both in vivo leptin administration

and Glut1 overexpression can rescue peripheral T

cell function and metabolism in fasted mice. CD4+

T cells were isolated from control C57BL/6J mice

(black bars), fasted mice (white bars), or fasted

mice receiving leptin injections (gray bars) and

activated with anti-CD3 and anti-CD28 for 48 h,

after which cytokine production was measured by

ELISA (A, B) and glucose metabolism was ana-

lyzed by comparing relative glucose uptake (C).

Data are representative of two independent experi-

ments, three mice per experimental group. (D and

E) wt C57BL/6J mice (black bars) or T cell–specific

Glut1 Tg (gray bars) were fed ad libitum (control),

fasted, or fasted while receiving leptin injections

(leptin), as indicated, for 48 h. Peripheral CD4+

T cells were isolated and activated with anti-CD3

and anti-CD28 for an additional 48 h, after which

glucose metabolism was analyzed by measur-

ing glucose uptake (D), and IFN-g production

was measured in culture supernatants by ELISA

(E). Data are representative of two independent

experiments, three mice per group.
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Given the dual roles of leptin in regulating both overall body
metabolism and T cell function, we hypothesized that leptin signaling
may control T cell activation in part through direct regulation
of lymphocyte metabolism. This role for leptin has been established in
metabolic cells such as muscle and adipose (40, 41). In support of this
role for leptin in T cells, recent publications have highlighted the
ability of leptin to activate mTOR, which is a signaling molecule well
known to affect T cell metabolism and function (59). Indeed, we
found LepR signal was required for increased Glut1 expression in
peripheral T cells and upregulation of glucose uptake and glucose
metabolism following T cell activation. This leptin-mediated increase
in glucose metabolism was observed in effector Th17 cells but not
Treg, which is consistent with findings that leptin promotes Th17
proliferation while inhibiting proliferation of Treg (47, 60). There-
fore, a key role for leptin in T cell activation may be to allow effector
T cells to increase Glut1 expression to fuel the demands of T cell
growth, cytokine production, and proliferation. To test if directly
augmenting T cell glucose metabolism bypassed the leptin require-
ment, we used T cell–specific Glut1-overexpressing mice. These
studies showed that Glut1 overexpression was sufficient to maintain
normal glucose uptake and rescue inflammatory cytokine production
in T cells from fasted animals. The ability of Glut1 and glucose
uptake to overcome persistent fasting-induced T cell dysfunction
demonstrates that the ability of leptin to upregulate glucose me-
tabolism is a key mechanism by which leptin directly enhances or
supports T cell activation.
This ability of leptin to upregulate T cell Glut1 expression and

glucose metabolism was observed only in lymphocytes activated
through TCR together with costimulation. Resting T cells or T cells
activated with anti-CD3 alone did not increase glucose metabolism
following leptin therapy in vitro or in vivo. This finding correlates
with the upregulation of LepR expression on T cells following full
activation (22). This is also consistent with previous reports that
CD28 costimulation is required for increased glycolysis in acti-
vation (61). Further, these data suggest that leptin, which is se-
creted in proportion to fat mass and is therefore a surrogate for
nutritional sufficiency, is not required for resting T cell metabo-
lism but is selective to license T cells to increase metabolism to
support activation. Therefore, in the absence of adequate nutri-
tional stores, T cells are unable to upregulate glucose metabolism
and cannot become fully activated.
Mice fasted for 48 h were expected to have a rapid and significant

drop in both thymocyte and T cell numbers (29, 37). Fasting has
a number of important systemic effects, including increasing cir-
culating levels of glucocorticoids (62, 63), which have potent effects
on lymphocyte survival and function. Rising glucocorticoids in
fasting, therefore, may contribute significantly to decreased overall
thymocyte and T cell numbers (64). Injection of leptin alone during
fasting only partially rescued thymocyte and T cell numbers.
Moreover, Glut1 overexpression did not rescue T cell numbers in
fasting, suggesting that the ability of leptin to partially rescue
T cells numbers in fasting is via a mechanism independent of in-
creased glucose uptake. Leptin may rescue cell number by opposing
the apoptotic actions of glucocorticoids on both thymocytes and
peripheral lymphocytes, as there is evidence in the literature for
such as role (34), whereas in vivo injection of leptin alone during
fasting fully rescued the persistent T cell defects in cytokine pro-
duction and glucose metabolism following activation. Moreover,
addition of leptin to cultured peripheral T cells from fasted animals
in vitro rescued cytokine production and glucose metabolism to
levels at or above the fed control. These data suggest a critical role
of leptin in directly regulating activated T cell function and me-
tabolism during states of malnutrition. However, the effects of leptin
on activated peripheral T cell metabolism and function likely differ

from other indirect mechanisms by which leptin affects resting
T cell number and development in the thymus.
The relationship between leptin deficiency and immunodefi-

ciency is complex. Although multiple studies have shown direct
effects of leptin on T cell function (29, 31, 32), others have
demonstrated that leptin may influence immune cell number and
function indirectly through regulation of stromal cells or other
hormones (30, 65, 66). More recent reports suggest leptin may
also mediate its effects on immune cell populations via central
signaling; in one study, intracerebroventricular injections of leptin
were sufficient to rescue B cell numbers in fasted mice (67). How-
ever, the results from our studies, using both bone marrow transplant
of LepR-deficient db2/2 donors into Rag1 knockout recipients and
the T cell–specific conditional LepR knockout mouse, support a di-
rect and cell-intrinsic role for leptin in modulating peripheral T cell
metabolism during activation. Leptin, therefore, links nutritional
status to multiple levels of the immune system.
Collectively, our studies indicate that leptin serves as a nutritional

rheostat that can communicate energy stores to peripheral lym-
phocytes undergoing activation. As lymphocyte activation is ener-
getically costly, it is important to limit immunity in times of nutritional
deficiency. Decreased leptin that occurs in malnutrition thus limits the
capacity of T cells to consume the limiting availability of nutrients.
Upregulation of LepR following peripheral T cell activation allows
leptin signal to metabolically license T cells for activation when
nutritional stores are at sufficient levels, thus providing a key link
between systemic and cellular metabolism in the immune system.
Evolutionarily, this responsemay be critical to balance the energy costs
of immunity with more immediately critical systems, such as neu-
rologic, cardiovascular, respiratory, and musculoskeletal.
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C. Vesin, V. Chobaz-Péclat, N. Busso, and C. Gabay. 2006. Indirect effects of
leptin receptor deficiency on lymphocyte populations and immune response in
db/db mice. J. Immunol. 177: 2899–2907.

31. Rodrı́guez, L., J. Graniel, and R. Ortiz. 2007. Effect of leptin on activation and
cytokine synthesis in peripheral blood lymphocytes of malnourished infected
children. Clin. Exp. Immunol. 148: 478–485.

32. Martı́n-Romero, C., J. Santos-Alvarez, R. Goberna, and V. Sánchez-Margalet.
2000. Human leptin enhances activation and proliferation of human circulating
T lymphocytes. Cell. Immunol. 199: 15–24.

33. Gove, M. E., C. L. Sherry, M. Pini, and G. Fantuzzi. 2010. Generation of leptin
receptor bone marrow chimeras: recovery from irradiation, immune cellularity, cy-
tokine expression, and metabolic parameters.Obesity (Silver Spring) 18: 2274–2281.

34. Fujita, Y., M. Murakami, Y. Ogawa, H. Masuzaki, M. Tanaka, S. Ozaki,
K. Nakao, and T. Mimori. 2002. Leptin inhibits stress-induced apoptosis of
T lymphocytes. Clin. Exp. Immunol. 128: 21–26.

35. Boden, G., X. Chen, M. Mozzoli, and I. Ryan. 1996. Effect of fasting on serum
leptin in normal human subjects. J. Clin. Endocrinol. Metab. 81: 3419–3423.

36. Ahima, R. S., D. Prabakaran, C. Mantzoros, D. Qu, B. Lowell, E. Maratos-Flier,
and J. S. Flier. 1996. Role of leptin in the neuroendocrine response to fasting.
Nature 382: 250–252.

37. Howard, J. K., G. M. Lord, G. Matarese, S. Vendetti, M. A. Ghatei, M. A. Ritter,
R. I. Lechler, and S. R. Bloom. 1999. Leptin protects mice from starvation-
induced lymphoid atrophy and increases thymic cellularity in ob/ob mice. J.
Clin. Invest. 104: 1051–1059.

38. Maciver, N. J., S. R. Jacobs, H. L. Wieman, J. A. Wofford, J. L. Coloff, and
J. C. Rathmell. 2008. Glucose metabolism in lymphocytes is a regulated process with
significant effects on immune cell function and survival. J. Leukoc. Biol. 84: 949–957.

39. Cham, C. M., and T. F. Gajewski. 2005. Glucose availability regulates IFN-
gamma production and p70S6 kinase activation in CD8+ effector T cells. J.
Immunol. 174: 4670–4677.

40. Ceddia, R. B., W. N. William, Jr., and R. Curi. 1999. Comparing effects of leptin and
insulin on glucose metabolism in skeletal muscle: evidence for an effect of leptin on
glucose uptake and decarboxylation. Int. J. Obes. Rel. Metab. Dis. 23: 75–82.

41. Ceddia, R. B. 2005. Direct metabolic regulation in skeletal muscle and fat tissue
by leptin: implications for glucose and fatty acids homeostasis. Int. J. Obes.
(Lond) 29: 1175–1183.

42. Vander Heiden, M. G., D. R. Plas, J. C. Rathmell, C. J. Fox, M. H. Harris, and
C. B. Thompson. 2001. Growth factors can influence cell growth and survival
through effects on glucose metabolism. Mol. Cell. Biol. 21: 5899–5912.

43. Wieman, H. L., J. A. Wofford, and J. C. Rathmell. 2007. Cytokine stimulation
promotes glucose uptake via phosphatidylinositol-3 kinase/Akt regulation of
Glut1 activity and trafficking. Mol. Biol. Cell 18: 1437–1446.

44. Wofford, J. A., H. L. Wieman, S. R. Jacobs, Y. Zhao, and J. C. Rathmell. 2008.
IL-7 promotes Glut1 trafficking and glucose uptake via STAT5-mediated acti-
vation of Akt to support T-cell survival. Blood 111: 2101–2111.

45. Swainson, L., S. Kinet, N. Manel, J. L. Battini, M. Sitbon, and N. Taylor. 2005.
Glucose transporter 1 expression identifies a population of cycling CD4+ CD8+
human thymocytes with high CXCR4-induced chemotaxis. Proc. Natl. Acad.
Sci. USA 102: 12867–12872.

46. De Rosa, V., C. Procaccini, A. La Cava, P. Chieffi, G. F. Nicoletti, S. Fontana,
S. Zappacosta, and G. Matarese. 2006. Leptin neutralization interferes with
pathogenic T cell autoreactivity in autoimmune encephalomyelitis. J. Clin. In-
vest. 116: 447–455.

47. Yu, Y., Y. Liu, F. D. Shi, H. Zou, G. Matarese, and A. La Cava. 2013. Cutting
edge: Leptin-induced RORgt expression in CD4+ T cells promotes Th17
responses in systemic lupus erythematosus. J. Immunol. 190: 3054–3058.

48. Deng, J., Y. Liu, M. Yang, S. Wang, M. Zhang, X. Wang, K. H. Ko, Z. Hua,
L. Sun, X. Cao, and L. Lu. 2012. Leptin exacerbates collagen-induced arthritis
via enhancement of Th17 cell response. Arthritis Rheum. 64: 3564–3573.

49. Wang, S., S. E. Baidoo, Y. Liu, C. Zhu, J. Tian, J. Ma, J. Tong, J. Chen, X. Tang,
H. Xu, and L. Lu. 2013. T cell-derived leptin contributes to increased frequency
of T helper type 17 cells in female patients with Hashimoto’s thyroiditis. Clin.
Exp. Immunol. 171: 63–68.

50. Ouchi, N., J. L. Parker, J. J. Lugus, and K. Walsh. 2011. Adipokines in in-
flammation and metabolic disease. Nat. Rev. Immunol. 11: 85–97.

51. Ong, K. K., D. Kuh, M. Pierce, and J. A. Franklyn; Medical Research Council
National Survey of Health and Development Scientific and Data Collection Teams.
2013. Childhood weight gain and thyroid autoimmunity at age 60-64 years: the
1946 British birth cohort study. J. Clin. Endocrinol. Metab. 98: 1435–1442.

52. Hersoug, L. G., and A. Linneberg. 2007. The link between the epidemics of
obesity and allergic diseases: does obesity induce decreased immune tolerance?
Allergy 62: 1205–1213.

53. Duntas, L. H. 2011. Environmental factors and thyroid autoimmunity. Ann.
Endocrinol. (Paris) 72: 108–113.

54. Gerriets, V. A., and J. C. Rathmell. 2012. Metabolic pathways in T cell fate and
function. Trends Immunol. 33: 168–173.

55. Vander Heiden, M. G., L. C. Cantley, and C. B. Thompson. 2009. Understanding
the Warburg effect: the metabolic requirements of cell proliferation. Science 324:
1029–1033.

56. Marelli-Berg, F. M., H. Fu, and C. Mauro. 2012. Molecular mechanisms of
metabolic reprogramming in proliferating cells: implications for T-cell-mediated
immunity. Immunology 136: 363–369.

57. Piccio, L., J. L. Stark, and A. H. Cross. 2008. Chronic calorie restriction attenuates
experimental autoimmune encephalomyelitis. J. Leukoc. Biol. 84: 940–948.

58. Liu, Y., Y. Yu, G. Matarese, and A. La Cava. 2012. Cutting edge: fasting-induced
hypoleptinemia expands functional regulatory T cells in systemic lupus erythe-
matosus. J. Immunol. 188: 2070–2073.

59. Procaccini, C., V. De Rosa, M. Galgani, F. Carbone, S. Cassano, D. Greco,
K. Qian, P. Auvinen, G. Calı̀, G. Stallone, et al. 2012. Leptin-induced mTOR
activation defines a specific molecular and transcriptional signature controlling
CD4+ effector T cell responses. J. Immunol. 189: 2941–2953.

60. De Rosa, V., C. Procaccini, G. Calı̀, G. Pirozzi, S. Fontana, S. Zappacosta, A. La
Cava, and G. Matarese. 2007. A key role of leptin in the control of regulatory
T cell proliferation. Immunity 26: 241–255.

61. Frauwirth, K. A., J. L. Riley, M. H. Harris, R. V. Parry, J. C. Rathmell, D. R. Plas,
R. L. Elstrom, C. H. June, and C. B. Thompson. 2002. The CD28 signaling
pathway regulates glucose metabolism. Immunity 16: 769–777.

62. Dallman, M. F., A. M. Strack, S. F. Akana, M. J. Bradbury, E. S. Hanson,
K. A. Scribner, and M. Smith. 1993. Feast and famine: critical role of gluco-
corticoids with insulin in daily energy flow. Front. Neuroendocrinol. 14: 303–347.

63. Makimura, H., T. M. Mizuno, F. Isoda, J. Beasley, J. H. Silverstein, and
C. V. Mobbs. 2003. Role of glucocorticoids in mediating effects of fasting and
diabetes on hypothalamic gene expression. BMC Physiol. 3: 5.

64. Franchimont, D. 2004. Overview of the actions of glucocorticoids on the im-
mune response: a good model to characterize new pathways of immunosup-
pression for new treatment strategies. Ann. N. Y. Acad. Sci. 1024: 124–137.

65. Gruver, A. L., M. S. Ventevogel, and G. D. Sempowski. 2009. Leptin receptor is
expressed in thymus medulla and leptin protects against thymic remodeling
during endotoxemia-induced thymus involution. J. Endocrinol. 203: 75–85.

66. Fantuzzi, G. 2006. Leptin: nourishment for the immune system. Eur. J. Immunol.
36: 3101–3104.

67. Tanaka, M., T. Suganami, M. Kim-Saijo, C. Toda, M. Tsuiji, K. Ochi, Y. Kamei,
Y. Minokoshi, and Y. Ogawa. 2011. Role of central leptin signaling in the
starvation-induced alteration of B-cell development. J. Neurosci. 31: 8373–8380.

144 LEPTIN LINKS T CELL AND SYSTEMIC METABOLISM IN IMMUNITY

 at D
uke M

ed L
ib Serials D

ept on M
arch 27, 2014

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/
http://www.jimmunol.org/

