






porting the idea that mTOR inhibition affects secretory function
and cytokine release by Teffs. In contrast, mTOR inhibition
upregulated the expression of genes related to the inhibition of
transcription, such as histone deacetylase and methyl transferase,
and the induction of catabolic processes, such as proteases, hy-
drolases, deaminases, and proteasome activators, suggesting the
block of the transcription machinery. Altogether, these data sug-
gest that mTOR inhibition blocks the transcriptional machinery in

Teffs. Also, together with a decreased production of IFN-g and IL-
17 induced by mTOR inhibition in Teffs, rapamycin induced the
expression of IL-27, which suppresses proinflammatory cytokine
production and the Th17 switch (35).
We next characterized the role of leptin, a master regulator of

intracellular metabolism, in the modulation of the intracellular
metabolic pathway and confirmed that activation of the mTOR
pathway in Teffs is clearly dependent on this adipocytokine.

FIGURE 6. In vivo leptin enhances Teff proliferation through mTOR activation. (A) Schematic model of the experimental design. Briefly, mice were

treated daily with BrdU in basal conditions and upon Ag immunization with CFA; they were injected with a single dose of rapamycin or vehicle or leptin or

rapamycin plus leptin 12 h before CFA priming, and the proliferation of Teffs was followed over time. Blood samples were obtained at day 5, and draining

lymph nodes were harvested at days 8 and 12. Percentage (B) and absolute number (C) of Teffs gated on CD4+ cells in the lymph nodes from all of the

groups of mice immunized with CFA. Data are mean 6 SD (n = 6). *p , 0.05, **p , 0.001. (D) Flow cytometry for BrdU incorporation in Teffs from the

lymph nodes of mice pretreated in vivo with vehicle, rapamycin (RAPA), leptin, or RAPA and leptin 12 d after immunization with CFA. Representative of

three independent experiments (n = 3 mice/group). *p , 0.005 versus RAPA pretreatment, **p , 0.001 versus vehicle. No significant difference between

vehicle versus leptin or vehicle versus RAPA + leptin was detected. The gray shaded graph represents the isotype-matched negative control. (E) p-S6

expression in Teffs from lymph nodes of all groups of mice. Representative of three independent experiments (n = 3 mice/group). *p, 0.005 versus RAPA

pretreatment, **p , 0.001 versus vehicle.
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Microarray data from leptin-neutralized Teffs revealed a tran-
scriptional signature comparable to that observed in rapamycin-
treated Teffs. Indeed, we detected a downmodulation of genes
associated with cell cycle progression and proliferation, such as
Septin7, anaphase-promoting complex, and tubulin, or connected
to activation of transcription (zinc finger, eukaryotic translation
initiation factor 3 and 4) and of immune system (MHC1, T cell
activation RhoGTPase activating protein, hematopoietic cell-
specific Lyn substrate), suggesting an impairment of Teff func-

tions induced by leptin neutralization. These data were confirmed
by either genetic or induced ablation of LepR signaling, which
impairs mTOR pathway activation. It needs to be investigated
further whether these results came from a direct Teff leptin/LepR
reduction or inhibition of systemic adipocyte-derived leptin se-
cretion. However, the evidence that rapamycin treatment was
able to inhibit leptin production suggests that mTOR kinase may
be involved in the control of leptin production at the adipocyte
level. Because it is not known how adipocyte mass/cell size

FIGURE 7. Teff signature and divergence in LepR-deficient (db/db) mice. (A) Proliferation of Teffs from LepR-deficient (db/db) and WT (db/+) mice

after anti-CD3/CD28 mAb stimulation. Data are mean 6 SD (n = 5). *p , 0.001. (B) Immunoblot for p-ERK and p-S6 on Teffs from db/db and db/+ mice

stimulated with anti-CD3/CD28 for 1 h. One representative of three independent experiments. (C) Relative densitometric quantification of p-ERK1/2 and p-

S6. One representative of three independent experiments. (D) Heat map representations of the expression of the most influential genes that discriminate

between Teffs from LepR-deficient mice (db/db) and their WT counterparts (db/+). Intensity in the red and green range represents the highest- and lowest-

expressed genes, respectively, whereas black indicates no significant change in gene expression. Each row represents a single gene; columns represent the

two experimental groups, with each including two independent biological replicates. Genes are arranged by hierarchical clustering. (E and F) Volcano plots

showing the effect of LepR deficiency on the most representative functional classes in Teffs. The black spots represent the genes belonging to that specific

class, whereas the red ones indicate the most significant genes. Horizontal reference line indicates the threshold for gene-expression fold change .2. Fold

change (x-axis) was plotted against p value (y-axis).

10 LEPTIN-INDUCED mTOR ACTIVATION CONTROLS Teff RESPONSE

 by guest on Septem
ber 25, 2017

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


controls transcription of the leptin gene, we can speculate that
this mechanism is mediated by mTOR kinase-mediated control
of leptin secretion.
Of note, the model chosen in our investigations considered that

most studies on mTOR have been performed in animals deficient in
mTOR-related molecules (i.e., Rheb, Tsc1/Tsc2, mLST8, raptor,
rictor) (36–38). Although these models have proven very valuable
for the comprehension of key mechanisms of molecular action
of related factors, we elected to study, in a relatively more phys-
iological system, the leptin–mTOR axis, because the ablation of
selected genes might cause compensatory activities and, more
importantly, could not address the dynamic and oscillatory changes
that we wanted to investigate in Teffs. Therefore, we used transient
pharmacologic inhibition of mTOR in normal human and mouse
Teffs and in vivo, rather than genetic means and chronic inhibition
of the leptin–mTOR pathway.
Moreover, Teffs from LepR-deficient mice had reduced mTOR

activity associated with a transcriptional signature of cell cycle
arrest, impaired secretory functions, and downregulated expression
of genes involved in the induction of transcription and protein
translation, such as the initiation factor 3, the replication initiator
factor, ribosomal proteins, and transcription factors, like TFIIA.
Concomitantly, the impaired expression of genes connected to
DNA repair function and cell cycle, such as cyclin-dependent
kinase 2 and 8, suggests the presence of a state of hypores-
ponsiveness in Teffs from db/db mice. LepR deficiency also re-
duced vesicle formation and ion transport secretory capability and
downmodulated NFAT, which plays a pivotal role in the induction
of IL-2 (39). In the meantime, db/db mice upregulated the ex-
pression of genes related to cell death, such as caspase 8, annexin
V, Gadd45g (which induces apoptosis and inhibits transcription),
and proteases. Moreover, the induction of IL-24, which belongs
to the Th2 cytokine family, of IL-18 binding protein, which
binds to IL-18 inhibiting Th1 cytokine response (40), and of
TGF-b–stimulated clone 22 (TSC22), which suppresses NF-kB

DNA-binding activity and whose expression inversely correlates
with T cell activation (41), support the hypothesis of impaired
proliferation/activation process of Teffs in LepR-deficient mice, in
line with the fact that mTOR inhibition decreases NF-kB activa-
tion (Fig. 2D). Importantly, mTOR inhibition and impaired leptin
signaling had similar effects on Teff responses; the genetic profile
observed in mTOR-inhibited Teffs had genes, which were up-
regulated or downregulated by rapamycin, of the same functional
classes detected in the Teffs from LepR-deficient mice (Fig. 8,
Supplemental Table I).
In this study, we also showed that leptin produced by Teff

contributes to the activation of the mTOR pathway in Teffs. In the
cross-talk between leptin and mTOR in Teffs, rapamycin and
subsequent mTOR inhibition significantly inhibit leptin secretion
and LepR expression on this cellular subset. Taken together, these
data suggest that leptin might be considered a pivotal element
linking metabolic state to Teff function and response through
mTOR pathway modulation. These results are in line with recent
evidence showing that rapamycin inhibits adipogenesis in vitro and
displays antiobesity effects in mice fed a high-fat diet. Indeed, mice
treated with rapamycin had reduced body weight and epididymal
fat pads/body weight, reduced daily food efficiency, and lower
serum leptin and insulin levels compared with control mice fed
a high-fat diet (42). Other studies showed that malnutrition im-
paired IFN-g signaling by inhibiting mTOR kinase activity, thus
linking again nutrient availability with immune cell response
through modulation of the mTOR pathway (43). Moreover, recent
evidence showed that adipose tissue, through leptin, has a key role
in the survival of autoreactive CD4+ T cells in vivo. It was found
that leptin regulates the survival of autoantigen-specific CD4+

T cells directly through the activation of mTOR and the survival
gene Bcl-2, as well as indirectly through the reduced secretion of
cytokines important for autoreactive CD4+ T cell survival (IL-6,
IL-15, IL-21, and GM-CSF) (29). In view of our recent findings
that indicated hyperactivity of the leptin/mTOR pathway in Tregs

FIGURE 8. Schematic model of leptin-induced mTOR activation in CD4+CD252FOXP32 Teffs. Under normal conditions (left panel), leptin, by binding

its receptor (LepR), activates the mTOR pathway in CD4+CD252FOXP32 Teffs, resulting in an increase in T cell proliferation, Th1/Th17 cytokine se-

cretion, and TCR signaling activation. The mTOR pathway itself is responsible for the autocrine leptin secretion by Teffs, which, in turn, sustains their own

proliferation. Rapamycin pretreatment (middle) inhibits activation of the leptin-mediated mTOR pathway, resulting in the inhibition of Teff proliferation,

a decrease in Th1/Th17 cytokine production, and TCR activation. Moreover, mTOR inhibition deceases leptin production and secretion by Teffs. Similar

results can be detected in LepR-deficient Teffs, in which mTOR-pathway activity is impaired because of a lack of proper leptin signaling. These data sustain

the hypothesis that rapamycin pretreatment and LepR deficiency share a common cellular, biochemical, and gene-expression profile, suggesting the

presence of a convergence between leptin and mTOR at the signaling-pathway level to drive and control Teff responses.
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(responsible for their hyporesponsiveness) (9), we think that the
opposite effects of mTOR inhibition on Teffs and Tregs could be
associated with a different expression of mTOR in the two cell
subsets, together with differences in intracellular leptin and cell-
surface LepR expression, which would affect their different
responses to leptin.
Taken together, our report is in line with the epidemiological

evidence that the frequency of autoimmunity is increasing in more
affluent countries, and it correlates with increased body fat mass,
higher leptin levels, and body weight at birth (44, 45). The studies
published by Piccio et al. (46) showed that either nutritional
deprivation or caloric restriction can profoundly modulate and
reduce the magnitude and disease score of experimental autoim-
mune encephalomyelitis. The so-called “frugal phenotype,” in
which survival of chronically food restricted mice is higher than
mice fed ad libitum, might fit with the possibility of a reciprocal
influence between nutritional/metabolic state and immune re-
sponse in the control of self-tolerance. Similar results were ob-
tained in mice in which chronic rapamycin treatment significantly
increased their overall survival (47) by reducing the absorption of
amino acids and glucose, as well as by dampening the level of
a series of proinflammatory adipocytokines produced by adipo-
cytes (including leptin) (48). The concept that T cells can sense
the local milieu to respond accordingly in dependence on the
environmental cues is expanded in this study by the finding that
the environmental energy sensor leptin can directly modulate
mTOR activity in Teffs to determine their responsiveness and
activity (Fig. 8). These results can have relevance for the leptin-
targeted approaches in the modulation of Teff activities in con-
ditions where the effects of Teff can be either beneficial or det-
rimental to the host’s health status.
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A

Figure S1. Protein quantification, ATP production in Teff upon mTOR inhibition and gene-expression profile 
induced by leptin neutralization in human Teff cells. (A) The graphs show the relative densitometric quantification 
of P-ERK1/2, p27Kip1, P-mTOR, P-p70S6K, P-S6K, P-Lck, P-Zap70, P-AKT, P-STAT-5, P-STAT-3, FoxP3, P- 
AMPK and P-NFKB, specifically of the gels shown in Figure 2. One representative out of five independent 
experiments. (B) ATP production in human Teff cells  pretreated or not with rapamycin and stimulated  or not with 
anti-CD3/CD28 mAb for 1 hour.  The data are shown as mean � SD (n = 3, *p < 0.01). (C-D) Volcano plots 
showing the effect of leptin inhibition on the most representative functional classes in human Teff cells. The black 
spots represent the genes belonging to that specific class, while red ones indicate the most significant genes. 
Horizontal reference line indicates the threshold  for gene expression fold change > 2. Fold change (x axis) was 
plotted against p value (y axis). (E) Venn diagrams showing the number of all differentially expressed genes 
across different comparisons, such as rapamycin and anti-leptin treatments in Teff. There were 25 genes with 
common changes in the two groups. Green represents down-regulated genes; red indicates up-regulation. The 
intersection of circles indicates the number of genes that the two treatments share in common.

Figure S1, Procaccini et al.
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Figure S2. Protein quantification and S6 expression in Teff cells from WT and ob/ob mice. (A) The graphs 
show the relative densitometric quantification of P-STAT3, P-AKT and P-S6 of Baf/3 cells specifically of 
the gels shown in Figure 5A. (B) densitometric quantification P-mTOR, P-p70S6K, P-S6K, P-STAT-3 and 
P-AKT ,specifically of the gels shown in Figure 5B, and densitometric quantification of P-mTOR, P- 
p70S6K, P-S6K, P-STAT-3 and P-AKT (C), specifically of the gels shown in Figure 5C. One representative 
out of five independent experiments. (D) Ex-vivo P-S6 expression in Teff cells from WT mice and ob/ob
mice treated with vehicle (white columns) or with recombinant leptin (black columns) after 2h from 
intraperitoneal injection (n = 3 mice/group, representative of three independent experiments, *p < 0.001).
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Figure S3. Effects of 48 hours starvation and in vivo treatement with leptin and/or RAPA on Teff proliferation. 
(A) Percentage of change of intial body weight, serum leptin levels (B), number of splenocytes (C), number of 
CD4+ cells (D) in ad libitum fed, 48h fasted and fasted + leptin mice. The data are shown as mean ± SD (n = 3 
mice/group, *p < 0.05). (E) Percentage and absolute number (F) of Teff gated on CD4+ cells in lymph nodes 
from all the different groups of unimmunized mice in vivo treated with vehicle, RAPA, Leptin or RAPA and 
Leptin. Data are shown as mean ± SD (n=6, *p < 0.01). (G) % of BrdU+ Teff from all the different groups of 
mice 8 days post immunization and stimulated in vitro with PPD or anti-CD3 mAb. Data are shown as mean ±
SD (n=6, *p < 0.001). (H) % of BrdU+ Teff from all the different groups of mice 12 days post immunization and 
stimulated in vitro with PPD or anti-CD3 mAb. Data are shown as mean ± SD (n=6, *p < 0.001). 
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Table S1, Procaccini et al. 

Functional classes 
 

N. genes P value N. genes P value 

Phosphoprotein 
 

238 5.03E-17 152 2.58732E-06 

Acetylation 
 

118 3.25E-15 81 1.00963E-09 

Cytoplasm 
 

111 5.03E-06 65 0.033879251 

Nucleus 
 

131 1.23E-05 86 0.005873686 

DNA damage 
 

13 0.002858047 7 0.098823252 

Compositionally 
Based region: Glu-rich 

16 0.003098214 9 0.075345333 

Protein biosynthesis 
 

10 0.006953398 14 7.53197E-06 

Protein transport 
 

19 0.033441638 13 0.075191678 

Zinc finger region 
 

5 0.058191905 4 0.08923932 

Mutagenesis site 
 

27 0.086642958 44 0.024728727 

Mitochondrial inner membrane 
 

2 0.093752452 3 0.034179993 

db/db mouse Teff RAPA-pretreated human Teff 

Table S1. Comparison of functional analysis of human Teff upon rapamycin pretreatment and Teff from db/db mice. 
The functional terms of several categories over-represented in the list of differentially expressed genes between 
human Teff  pretreated with rapamycin for 1 hour and Teff from db/db mice, both stimulated with anti-CD3 + anti-
CD28 for additional 12 hours are shown in the rows of the table. The count of differentially expressed genes 
present in each category, along with the Fisher's exact test p-value, is shown.  
 
 


