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The Journal of Immunology

Mechanistic Target of Rapamycin Inhibition Extends Cellular
Lifespan in Dendritic Cells by Preserving Mitochondrial
Function

Eyal Amiel,*,† Bart Everts,‡ Daniel Fritz,* Saritha Beauchamp,* Burong Ge,*

Erika L. Pearce,‡ and Edward J. Pearce‡

TLR-mediated activation of dendritic cells (DCs) is associated with a metabolic transition in which mitochondrial oxidative phos-

phorylation is inhibited by endogenously synthesized NO and the cells become committed to glucose and aerobic glycolysis for sur-

vival.We show that inhibition of mechanistic target of rapamycin (mTOR) extends the lifespan of TLR-activated DCs by inhibiting the

induction of NO production, thereby allowing the cells to continue to use their mitochondria to generate ATP, and allowing them the

flexibility to use fatty acids or glucose as nutrients to fuel coremetabolism. These data provide novelmechanistic insights into howmTOR

modulates DC metabolism and cellular longevity following TLR activation and provide an explanation for previous findings that

mTOR inhibition enhances the efficacy of DCs in autologous vaccination. The Journal of Immunology, 2014, 193: 2821–2830.

D
endritic cells (DCs) are professional APCs that respond
to infection or immunization and initiate adaptive im-
mune responses (1, 2). TLRs are a class of receptors

expressed by DCs that allow them to recognize pathogen-
associated molecular patterns during either natural infection or
following immunization with vaccines that contain pathogen-
associated molecular pattern as adjuvants (3, 4). In response to
TLR agonists, DCs become activated, a process characterized by
marked changes in expression of hundreds of genes encoding
a broad array of proteins such as cytokines, chemokines, and
costimulatory molecules (5) that affect the way that DCs interact
with other cells, most notably T cells.
TLR agonists stimulate bone marrow–derived DCs grown in GM-

CSF (GM-DCs) to undergo a striking metabolic transition that results
in the cells becoming reliant on aerobic glycolysis to meet their
bioenergetics needs (6, 7). We recently showed that this metabolic
shift is a response to the inhibition of oxidative phosphorylation
(OXPHOS) by NO, a toxic gas made by GM-DCs following acti-
vation (6). Once GM-DCs express inducible NO synthase (iNOS;
NOS type 2 [NOS2]) and begin producing NO, mitochondrial res-
piration declines and they become reliant on glycolysis for ATP.

Consistent with this, glucose restriction severely inhibits the activa-
tion and lifespan of GM-DCs following TLR stimulation (6, 7).
The metabolic switch to glycolysis induced by TLR agonists is

prevented by the inhibition of mechanistic target of rapamycin
(mTOR) (7, 8), which regulates a central nutrient-sensing pathway
in cells, controlling a diverse array of cellular responses, including
cell activation, metabolism, and survival (9–12). We previously
reported that inhibition of mTOR expression or function prolongs
the postactivation lifespan of GM-DCs while simultaneously en-
hancing their activation and T cell stimulatory capacity (8). These
effects were consistent with the improved ability of rapamycin
(RAP)-treated GM-DCs to induce immunity in a mouse thera-
peutic anticancer autologous DC vaccine (8).
The underlying mechanism responsible for the beneficial effects

of mTOR inhibition on the lifespan and function of TLR-activated
GM-DCs has remained unclear. In this study, we demonstrate that
mTOR inhibition results in the retention of mitochondrial functions
in GM-DCs activated by TLR agonists. Because mTOR-inhibited
DCs can still use OXPHOS, they have a reduced requirement for
glucose and exhibit the metabolic flexibility to use other nutrients
to generate ATP. We show that the attenuation of iNOS expression
and reduced NO production are the central mechanisms for this
observation in mTOR-inhibited cells. These data provide a mech-
anistic explanation for how mTOR inhibition modulates GM-
DC metabolism and cellular longevity following TLR activation.
Additionally, these studies provide a more detailed understanding
of how mTOR inhibition in DCs may augment DC immune
stimulatory potential for cellular vaccination approaches.

Materials and Methods
Mice and reagents

C57BL/6 mice were from The Jackson Laboratory and were maintained
under specific pathogen-free conditions under protocols approved by In-
stitutional Animal Care and Use Committees. Femurs from Atgflox/flox and
Atgflox 3 CD11c-cre mice were a gift from David Lieb (Geisel School of
Medicine, Dartmouth College, Hanover, NH). LPS (Escherichia coli sero-
type 0111:B4) was from Sigma-Aldrich and used at 100 ng/ml. Etomoxir
and 6-diazo-5-oxo-L-norleucine were purchased from Sigma-Aldrich. NOS
inhibitor S-ethyl-isothiourea (SEITU, 500 mM) was purchased from Cayman
Chemical. RAP (100 nM) was purchased from InvivoGen. KU 0063794
(KU, 100 nM) was purchased from Tocris Bioscience. 7-Aminoactinomycin D
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(7-AAD) and all Abs for FACS analysis were from BD Biosciences except
for anti-CD40, which was purchased from eBioscience.

Mouse DC culture and activation

Bone marrow–derived DCs were generated as described (13). Briefly, bone
marrow cells were differentiated in the presence of GM-CSF (20 ng/ml) in
complete DC media (RPMI 1640 containing 10% FCS, 100 U/ml peni-
cillin/ streptomycin, and 2 mM L-glutamine) for 6 d. On day 6 of culture,
DCs were washed in complete DC media and pulsed as indicated with
media alone, mTOR inhibitor, LPS, or mTOR inhibitior plus LPS. Where
indicated, after DC differentiation, cells were switched to glucose-free
media or glucose-free media supplemented with galactose.

Real-Time PCR of NOS2 expression

RNA isolations were done using the RNeasy kit (Qiagen, Valencia, CA) and
single-strand cDNA was synthesized using a high-capacity cDNA reverse
transcription kit (Applied Biosystems, Carlsbad, CA). Primers were pur-
chased from Applied Biosystems and real-time PCR was performed by the
TaqMan method using an Applied Biosystems 7500 sequence detection
system. The expression levels of mRNAwere normalized to the expression
of a housekeeping gene (b-actin).

In vitro T cell responses

DCs were treated as indicated for 24 h, after which media were changed to
complete medium without agonists or inhibitors and cultured with daily
medium changes for 3 d, after which they were cocultured, at a 1:5 ratio,
with CFSE-labeled MACS-selected CD8+ OT-I cells for 5 d. T cell pro-
liferation was measured as CFSE dilution by flow cytometry.

In vivo T cell responses

DCs pulsed with either LPS plus OVA or RAP plus LPS plus OVA for 6 h
were washed and transferred into the rear footpads of C57BL/6 mice (5 3
105/footpad). Seven days later, peripheral blood was harvested and ana-
lyzed by Kb-Ova tetramer staining and flow cytometry for endogenous
OVA-specific CD8+ T cells.

Metabolic analysis

Nitrate levels in cell culture media were determined using a Griess reagent kit for
nitrite determination (Invitrogen) according the manufacturer’s instructions.
Real-time changes in extracellular acidification rates (ECARs, as a measure of
lactate production) and oxygen consumption rates (OCRs, as a measure of
OXPHOS) were analyzed using extracellular flux analysis (Seahorse Biosci-
ence, North Billerica, MA). In brief, DCs were plated in XF-24 cell culture
plates (2 3 105 cells/well in 200 ml) and either left unstimulated or stimulated
with indicated conditions. At indicated time points, DCs were washed and
analyzed in XF running buffer (unbuffered RPMI 1640, 10 mM glucose, 10%
FCS, 100 U/ml penicillin/streptomycin, 2 mM L-glutamine, and 20 ng/ml GM-
CSF) per the manufacturer’s instructions to obtain real-time measurements of
OCRs and ECARs. Where indicated, ECARs and/or OCRs were analyzed
in response to 1 mM oligomycin, 1.5 mM fluoro-carbonyl cyanide phenyl-
hydrazone, and 100 nM rotenone plus 1 mM antimycin A (all from Sigma-
Aldrich), or 500 mM SEITU as indicated. For ATP analysis, DCs were treated
as indicated, after which cells were washed and resuspended in 100 ml PBS.
Samples were boiled for 5 min and relative ATP levels were determined using
an ATP determination kit (Invitrogen, Grand Island, NY) per the manufacturer’s
instructions. For Biolog assays, cells were treated as indicated for 24 h and then
plated overnight at 5 3 104 cells per well onto PMM Tox-1 plates (Biolog) in
MC-0 media (Biolog IF-M1 media [glucose free], 5% FCS, 0.3 mM L-gluta-
mine). Biolog MA redox dye was added the next morning and dye reduction
was measured at 540 nm absorbance at the indicated times. Data were nor-
malized to absorbance readings at time 0.

Statistical analysis

For statistical analysis, a two-way ANOVA with a Tukey posttest was per-
formed on data where appropriate to determine data significance (p , 0.05).

Results
mTOR inhibition attenuates LPS-mediated GM-DC death and
augments GM-DC activation in vitro and in vivo

We have previously reported that mTOR inhibition in GM-DCs
prolongs cell survival and improves DC vaccine therapy in the
B16 mouse melanoma model (8). Consistent with these findings,
inhibiting mTOR with either the canonical mTOR inhibitor RAP

or the ATP-competitive inhibitor KU during TLR stimulation di-
minished activation-associated DC death (Fig. 1A) (8). Concom-
itantly, GM-DCs activated in the presence of mTOR inhibitors
were substantially more capable of activating OT-I T cells in vitro
(Fig. 1B). Furthermore, autologous transfer of GM-DCs pulsed
with Ag plus LPS in the presence of RAP resulted in the devel-
opment of enhanced Ova-specific CD8+ T cell responses in vivo
(Fig. 1C). This effect was apparent in peripheral blood (Fig. 1C),
and similar trends were observed for draining popliteal lymph
nodes and spleen (data not shown).

LPS-mediated GM-DC death depends on NOS2 expression and
function

We have previously shown that mTOR inhibition during TLR
stimulation is associated with a key metabolic change, namely
decreased induction of glycolytic metabolism, in mTOR-inhibited
GM-DCs compared with cells activated with TLR agonists alone
(6–8). Because mTOR has been identified as a regulator of iNOS
expression in other cell types (14–16), we hypothesized that
mTOR inhibition may exert its beneficial effects on postactivation
GM-DC lifespan through its regulation of NO production. Con-
sistent with our previous work (8), we found that LPS-activated
GM-DCs died within 4 d of activation whereas unstimulated DCs
survived well during this time period (Fig. 2A). An inhibitor of
iNOS, SEITU, reversed the phenotype of activation-associated
GM-DC death without impairing GM-DC activation (Fig. 2A
and data not shown). Additionally, iNOS-deficient GM-DCs did
not exhibit the postactivation cell death observed in wild-type
(WT) GM-DCs stimulated with LPS (Fig. 2B). NO was not pro-
duced by unstimulated DCs, but it was made in increasing
amounts during the first 48 h following activation (Fig. 2C).
Blocking iNOS function at time 0 and at 24 h after LPS stimu-
lation prevented activation-associated GM-DC death, whereas
inhibiting iNOS at 48 or 72 h after LPS stimulation had little
effect on activation-associated DC death (Fig. 2D). These data
demonstrate that iNOS expression and function are central regu-
lators of GM-DC survival following TLR activation.

mTOR function regulates LPS-mediated NOS2 expression and
NO production in GM-DCs

The rates of nitrite production and maximum nitrite accumulation
in culture media were significantly reduced in GM-DCs activated
with LPS in the presence of mTOR inhibitors than in cells activated
with LPS alone (Fig. 3A). To determine whether mTOR signaling
is involved in regulating iNOS expression in GM-DCs, we ana-
lyzed NOS2 mRNA levels in DCs treated with LPS in the presence
or absence of RAP. GM-DCs stimulated with LPS in the presence
of RAP exhibited a 50% reduction in NOS2 mRNA levels com-
pared with GM-DCs stimulated with LPS alone (Fig. 3B) and
a concomitant reduction in iNOS protein expression 24 h fol-
lowing activation (Fig. 3C), apparent as both a reduced frequency
of iNOS+ GM-DCs following activation (Fig. 3D, left) and re-
duced iNOS protein levels in iNOS+ GM-DCs (Fig. 3D, right)
compared with LPS-stimulated controls.

mTOR inhibition preserves mitochondrial OXPHOS in
LPS-activated GM-DCs

We have previously reported that upon activation by TLR agonists,
GM-DCs commit to aerobic glycolysis as OXPHOS is inhibited
by NO (6, 7). Based on the fact that iNOS expression and NO
production by LPS-activated GM-DCs are attenuated by mTOR
inhibitors (Fig. 3), we were interested in determining whether
mTOR inhibition alters the metabolic changes that typically fol-
low TLR activation. Using real-time extracellular flux analysis, we
observed that mTOR inhibition did not abrogate the LPS-induced
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decrease in baseline OXPHOS, measured as OCRs (Fig. 4A), but
it did prevent the LPS-induced increase in aerobic glycolysis,
measured as ECARs (Fig. 4B). However, despite the fact that
baseline OCR was reduced in mTOR-inhibited GM-DCs com-
pared with unactivated cells, these cells retained a measure of
mitochondrial fitness, because OCRs declined in response to oli-
gomycin, increased in the additional presence of fluoro-carbonyl
cyanide phenylhydrazone, and was inhibited by mitochondrial
electron transport chain inhibitors rotenone and antimycin A
(Fig. 4C, 4D); this pattern of responsiveness is consistent with
active OXPHOS and the production of ATP by this pathway (17).
In contrast, these drugs had no measurable effect on OCR in GM-
DCs activated in the absence of mTOR inhibitors (Fig. 4C, 4D),
indicative of the profound inhibition of mitochondrial respiration
in these cells. We have previously shown that the oxygen con-
sumption exhibited by GM-DCs stimulated with LPS in the
absence of mTOR inhibitors is a reflection of oxygen being con-
sumed for NO production (6). This is consistent with the loss of
nonmitochondrial oxygen consumption by 72 h after activation
(Fig. 4D), a time point when the cells are no longer making ad-
ditional measurable NO (Fig. 3A). By subtracting cellular oxygen
consumption after treatment with electron transport chain inhib-
itors from basal oxygen consumption levels, we can determine the
cellular oxygen consumption that results specifically from mito-
chondrial activity. Using this analysis, we found that GM-DCs
activated in the presence of mTOR inhibitors exhibited signifi-
cantly higher levels of mitochondrial respiration compared with
those activated with LPS alone at both 24 (Fig. 4E) and 72 h
(Fig. 4F) after activation.

mTOR inhibition does not protect GM-DCs from mitochondrial
inhibition by paracrine NO production

An important question arising from these studies is whether NO
production by activated DCs inhibits mitochondrial respiration
only in an autocrine fashion, or also acts on neighboring cells that
cannot themselves make NO. To address this question, we com-
pared the mitochondrial respiration and survival of LPS-stimulated
WT GM-DCs, NOS22/2 GM-DCs, and a 1:1 mixture of WT and
NOS22/2 GM-DCs. LPS-stimulated WT GM-DCs lost mito-
chondrial activity whereas NOS22/2 DCs did not following 24 h
of LPS stimulation (Fig. 5A). However, mitochondrial oxygen
consumption following LPS stimulation was completely inhibited
in a 1:1 mixture of WT and NOS22/2 GM-DCs, indicating that
NO produced by WT is able to inhibit mitochondrial function in
NOS22/2 cells (Fig. 5A). Consistent with these results, cell death
following LPS stimulation was as high in WT NOS22/2 GM-DC
cocultures as in WT GM-DC cultures, whereas NOS22/2 GM-
DCs cultured alone survived much longer following LPS stimu-
lation (Fig. 5B). These data indicate that NO made by GM-DCs
has paracrine effects on the metabolism and survival of bystander
cells. We next tested whether GM-DCs in which mTOR was
inhibited were intrinsically protected from the toxic effects of NO,
or whether they simply make insufficient amounts of NO to induce
death in either themselves or neighboring cells. We cocultured
NOS22/2 GM-DCs activated with LPS with WT GM-DCs acti-
vated with LPS in the presence or absence of mTOR inhibitors and

FIGURE 1. mTOR inhibition of GM-DCs enhances cell survival and

augments their ability to activate CD8+ T cells in vitro and in vivo. (A)

GM-DCs were either left unstimulated or activated with LPS in the

presence or absence of the mTOR inhibitors RAP or KU. Cell viability of

GM-DCs at 4 d after DC activation by LPS was measured by FACS

analysis of 7-AAD+ cells. Graph represents mean values 6 SD of at least

three independent experiments. (B) DCs were treated as indicated for 24 h,

after which cells were washed and replaced with normal media. Three days

after activation, DCs were cocultured at a 1:5 ratio with CFSE-labeled OTI

CD8+ T cells for 4 d. T cell proliferation was determined by CFSE dilution

within the CD8+ cell population. Graph represents mean values 6 SD of

three independent experiments. (C) Mice per group were immunized s.c.

with DCs stimulated in vitro for 6 h with LPS only, LPS plus OVA, or RAP

plus LPS plus OVA. Seven days later, peripheral blood was harvested and

frequencies of Kb-OVA tetramer+CD8+ cells were determined. Each datum

point represents tetramer frequencies in an individual mouse. Graph rep-

resents pooled results from two independent experiments. *p , 0.05.

The Journal of Immunology 2823

 at M
ax-Planck-Institut f. Im

m
unbiologie on M

ay 5, 2020
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


asked whether the mTOR-inhibited GM-DCs are able to induce
NO-dependent cell death in iNOS-deficient cells. We found that
LPS-activated WT GM-DCs induced death in iNOS-deficient
GM-DCs, but that this effect was inhibited when the WT GM-

DCs were activated in the presence of mTOR inhibitors (Fig. 5C).
These data support the view that mTOR inhibition during GM-DC
activation results in sufficiently lowered NO production to prevent
paracrine effects on the metabolism of neighboring cells.

FIGURE 2. LPS-mediated death in GM-DC cultures is

dependent on NOS2 expression and NO production. (A) WT

GM-DCs were either left unstimulated or activated with LPS

in the presence or absence of the iNOS inhibitor SEITU and

monitored daily for viability by FACS analysis of 7-AAD+

cells. (B) NOS22/2 GM-DCs were either left unstimulated

or activated with LPS and monitored daily for viability by

FACS analysis of 7-AAD+ cells. (C) Nitrite levels were

measured by Griess reaction during 72 h in unstimulated or

LPS-activated GM-DCs. (D) GM-DCs were either left

unstimulated or activated with LPS, and the iNOS inhibitor

SEITU was added to cultures at the time of activation or 1, 2,

or 3 d after activation. Cell viability of GM-DCs at 4 d after

GM-DC activation by LPS was measured by FACS analysis

of 7-AAD+ cells. All graphs in this figure represent mean

values 6 SD of at least three independent experiments.

*p , 0.05.

FIGURE 3. mTOR inhibitors attenuate LPS-medi-

ated NOS2 expression and NO production in GM-DC

cultures. (A) GM-DCs were either left unstimulated or

activated with LPS in the presence or absence of the

mTOR inhibitors RAP or KU and the kinetics of nitrite

accumulation were measured by Griess reaction daily

for the first 72 h after GM-DC stimulation. (B) NOS2

mRNA levels from three independent experiments

were analyzed by quantitative RT-PCR 4 h after LPS

activation in the presence or absence of RAP. Relative

gene expression levels are compared with LPS treat-

ment group. (C) GM-DCs were treated as in (A) for

24 h and analyzed for intracellular iNOS protein ex-

pression by FACS. FACS plots are gated on CD11c+

cells. (D) GM-DCs were treated as in (A) and the per-

centages of iNOS+ GM-DCs (left) and the mean fluo-

rescence intensity (MFI) of iNOS+ GM-DCs (right)

were quantified by FACS. All graphs in this figure

represent mean values 6 SD of at least three inde-

pendent experiments. *p , 0.05.
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An alternative possibility is that mTOR-inhibited cells are
protected from damage by a direct mTOR-dependent process
unrelated to the attenuation of NO production (18). To explicitly
test this, we coincubated GM-DCs activated in the presence of an
mTOR inhibitor with congenically marked GM-DCs that were
activated with LPS alone. We observed that mTOR-inhibited GM-
DCs were as susceptible as cells activated without mTOR inhib-
itors to NO-mediated cell death (Fig. 5D). These data indicate that
mTOR inhibition prolongs postactivation DC lifespan primarily
by attenuating NO production and not by inducing an intrinsic
protective mechanism against oxidative damage.

The protective effects of mTOR inhibition on GM-DCs is
independent of macroautophagy

Because mTOR inhibitors are canonical stimulators of macro-
autophagy, and autophagic processes have been reported to protect
cells from cellular damage and oxidative stress (19), we wanted
to assess the role of macroautophagy on the effects of mTOR
inhibitors on NO production and cell survival in GM-DCs. Con-
ditional Atg5-deficient GM-DCs were compared with floxed

controls and no significant differences were observed between the
two genotypes for iNOS protein expression (Fig. 6A), nitrite
production (Fig. 6B), and the prolonged survival that is associated
with mTOR inhibition (Fig. 6C). These data indicate that the
attenuation of iNOS expression and the improved survival of
mTOR-inhibited GM-DCs are independent of Atg5-dependent
macroautophagy.

GM-DCs activated in the presence of mTOR inhibitors are
more dependent on fatty acid catabolism than glycolysis for
cellular ATP

We have previously shown that LPS-activated GM-DCs become
highly dependent on glucose and aerobic glycolysis for their
postactivation survival and that limiting glucose availability further
reduces the lifespan of these cells (6, 7). We hypothesized that
because mTOR inhibition preserves mitochondrial function in
activated GM-DCs, it should allow cells to use other nutrients
(e.g., fatty acids) to fuel the TCA cycle and OXPHOS and thereby
diminish reliance on glucose. To test this, we assessed the effect
on cellular ATP levels when, at 18 h after activation with LPS with

FIGURE 4. Mitochondrial OXPHOS is preserved in GM-DCs activated by LPS in the presence of mTOR inhibitors. (A and B) GM-DCs were either left

unstimulated or activated with LPS for 24 h in the presence or absence of RAP or KU. Basal oxygen OCRs (A) and ECARs (B) for each treatment group

were determined by an XF extracellular flux analyzer assay. (C and D) GM-DCs were stimulated with LPS in the presence or absence of RAP or KU for 24

(C) and 72 h (D). Mitochondrial function was assessed by an XF extracellular flux analyzer assay. (E and F) Mitochondrial-dependent OCR was determined

for experiments described in (C) and (D) by subtracting residual OCR after antimycin A/rotenone treatment from basal OCR levels. This calculation was

performed for GM-DCs after 24 h stimulation (E) and 72 h after stimulation (F). Graphs in this figure represent mean values 6 SD of at three independent

experiments. *p , 0.05.

The Journal of Immunology 2825
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and without mTOR inhibitors, cells were transitioned from
glucose-replete media to glucose-free medium or medium con-
taining galactose instead of glucose, which enforces OXPHOS
(20–22). We found that cellular ATP levels were reduced by ∼70%
when LPS-stimulated GM-DCs were cultured for 30 min in
galactose-containing media or glucose-free media compared with
glucose-replete medium (Fig. 7A). In contrast, ATP levels were
unaffected when GM-DCs were activated with LPS in the
presence of mTOR inhibitors and cultured in galactose or in
glucose-free medium (Fig. 7A). Similarly, whereas transition to
galactose-containing media or glucose-free media accelerated the
postactivation death of LPS-stimulated GM-DCs (Fig. 7B), these
conditions did not promote the death of LPS-activated GM-DCs in
which mTOR was inhibited (Fig. 7B). These data show that
glucose-derived ATP is not required to meet the energetic
demands of activated GM-DCs in which mTOR is inhibited, and
they indicate that under these conditions the cells have the flexi-
bility to use other nutrients to support the production of ATP
through OXPHOS. To confirm that mTOR-inhibited GM-DCs
retain the capacity to generate cellular energy via mitochondrial-
dependent processes, we measured the production of the electron
transport chain substrate NADH by cells cultured in glucose-free
medium supplemented specifically with glucose or with the TCA
cycle substrate pyruvate (Fig. 7C, 7D). As expected, we found that
DCs could use glucose to generate NADH regardless of whether
they were activated with LPS in the presence or absence of mTOR
inhibitors (Fig. 7C). This is consistent with the fact that cells are
able to generate NADH through glycolysis in a manner that is
independent of mitochondrial respiration. However, LPS-activated
GM-DCs were unable to use the mitochondrial substrate pyruvic
acid to produce NADH unless mTOR was inhibited during acti-
vation (Fig. 7D). These data show that mTOR inhibition preserves
energy generation by mitochondrial substrates via the TCA cycle,
which is in stark contrast to the attenuation of this capability in
DCs stimulated with LPS alone. To explore this area further, we
focused on fatty acid oxidation and glutaminolysis as two of the
major catabolic pathways that, in addition to glycolysis, can fuel
the TCA cycle and thereby support OXPHOS (23, 24). To test the

importance of these pathways, we activated GM-DCs in the
presence or absence of mTOR inhibitors for 24 h and then
transferred the cells to glucose-replete media or to glucose-free
media containing galactose in the presence or absence of the in-
hibitor etomoxir that blocks the function of carnitine palmitoyl-
transferase 1A required for fatty acid import into mitochondria, or
the glutaminase inhibitor 6-diazo-5-oxo-L-norleucine (Fig. 7E). In
these experiments, inhibition of fatty acid oxidation but not glu-
tamine catabolism significantly impacted ATP levels in mTOR-
inhibited GM-DCs. Collectively, these findings show that when
mTOR is inhibited, GM-DCs can become activated and they have
the flexibility to use glycolysis or fatty acid oxidation to generate
ATP to meet their bioenergetic needs (Fig. 7).

Discussion
We previously reported that TLR-mediated GM-DC activation
is characterized by a persistent metabolic shift whereby OXPHOS
is suppressed and aerobic glycolysis is significantly increased (6,
7). We have shown that these changes have important implica-
tions for GM-DC activation and survival following TLR acti-
vation, and that the long-term metabolic changes in these cells
are promoted by iNOS-driven NO production, which impairs
mitochondrial respiration, thereby driving these cells to rely on
glycolytic metabolism for maintaining intracellular ATP levels
(6). TLR-mediated metabolic changes in GM-DCs are regulated
by PI3K signaling (7), and we have shown that targeted inhibi-
tion of mTOR, a key metabolic regulator and downstream target
of PI3K, attenuates TLR-mediated commitment to glycolysis and
activation-associated death in these cells (8). In this study, we
demonstrate that mTOR inhibition reduces the transcription and
translation of iNOS in response to LPS stimulation. Because NO
production is significantly reduced, autocrine and paracrine inhi-
bition of OXPHOS by NO does not occur and the cells maintain
mitochondrial respiration following activation. We reason that
preservation of mitochondrial function and the flexibility to use
multiple nutrients to support core metabolism allows DCs (in
which mTOR has been inhibited) to survive longer after TLR
activation and persist under glucose-restricted conditions.

FIGURE 5. The mitochondrial inhibitory effect of

LPS-stimulated NO production is a cell-extrinsic effect.

(A) WT, NOS22/2, or a 1:1 mixture of WT/NOS22/2

GM-DCs were stimulated with LPS. After 24 h, mito-

chondrial function was assessed by an XF extracellular

flux analyzer assay. (B) DCs were treated as in (A) and

monitored daily for viability by FACS analysis of 7-

AAD+ cells. (C) WT GM-DCs were either left unsti-

mulated or activated with LPS for 6 h in the presence or

absence of RAP or KU. These cells were then coin-

cubated with 6 h LPS-stimulated NOS22/2 DCs at a 1:1

ratio for 4 d. Cell viability was monitored daily by

FACS analysis of 7-AAD+ cells. Depicted are the sur-

vival kinetics for each coincubation gated on the

NOS22/2 GM-DCs in the coculture. (D) CD45.1 and

CD45.2 DCs were either left unstimulated or activated

with LPS in the presence or absence of KU for 6 h.

Indicated combinations of the congenic populations

were cocultured at a 1:1 ratio, and cell viability was

monitored daily by FACS analysis of 7-AAD+ cells.

Depicted are the survival kinetics for the CD45.2+ GM-

DCs in the coculture. Graphs in this figure represent

mean values 6 SD of two independent experiments.
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iNOS expression and NO production is an important part of
the early inflammatory response initiated by inflammatory DCs
stimulated with LPS (25, 26). Additionally, NO has been reported
to affect a wide range of DC-mediated inflammatory functions
from cellular activation to T cell stimulation (27–31). We have
shown that NO production by inflammatory DCs results in auto-
crine disruption of mitochondrial respiration (6), presumably
through the inhibition of key iron-containing enzymes of the
electron transport chain (32–34). Although mTOR signaling has
been linked to NO production in cells of the CNS and macro-
phages (14–16, 35), to our knowledge, this is the first report
demonstrating that mTOR signaling directly controls LPS-
mediated iNOS induction in DCs. Although work in other cell
types has demonstrated that mTOR can regulate iNOS at both the
transcriptional and posttranscriptional levels (14–16), our data
suggest that in DCs mTOR significantly affects NO production via
regulation of iNOS expression. Strikingly, pharmacological inhi-
bition of mTOR during LPS activation of DCs attenuates iNOS
expression and NO production without impairing other important
features of DC activation such as inflammatory cytokine secretion,

costimulatory molecule upregulation, and the capacity to stimulate
T cell responses (8). In this context, mTOR inhibition seems to
provide specific dampening of the NO-mediated innate immune
function of DCs that, in turn, enhances their capacity to activate
the adaptive immune response through prolonged cell survival and
Ag presentation kinetics (8).
One of the major unresolved discrepancies in the literature

pertaining to mTOR signaling in DCs is the contrasting effects of
mTOR inhibition on these cells depending on the source and subset
of DCs being examined. A number of reports have demonstrated
inhibitory effects of mTOR blockade on differentiation and acti-
vation of human monocyte-derived DCs (36–38), which contrasts
with some of the literature studying mouse DCs (8, 39–41). Ad-
ditionally, mTOR inhibitors by themselves have recently been
reported to activate key signaling pathways canonically associated
with immune activation signals (42). One interesting study dem-
onstrated that mTOR inhibition augmented DC activation in
freshly isolated human myeloid DCs but inhibited activation in
monocyte-derived DCs differentiated in GM-CSF plus IL-4 (39),
which we have also observed (E. Amiel, unpublished observa-

FIGURE 6. The protective effect of mTOR

inhibitors on DC survival are independent of mac-

roautophagy. (A) GM-DCs were generated from

Atg5flox/flox mice or Atg5flox 3 CD11c-cre mice and

either left unstimulated or activated with LPS for

24 h in the presence or absence of RAP or KU. GM-

DCs were analyzed for intracellular iNOS protein

expression by FACS. FACS plots are gated on

CD11c+ cells. (B) GM-DCs were treated as in (A)

and total nitrite accumulation was measured by

Griess reaction after 48 h of stimulation. (C) GM-

DCs were treated as in (A) and cell viability of GM-

DCs at 4 d after DC activation by LPS was mea-

sured by FACS analysis of 7-AAD+ cells. Graphs in

this figure represent mean values 6 SD of two in-

dependent experiments. *p , 0.05.

The Journal of Immunology 2827

 at M
ax-Planck-Institut f. Im

m
unbiologie on M

ay 5, 2020
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


tions). We speculate that differential regulation of iNOS and NO
production in these different systems may lie at the heart of the
discrepancies regarding the effect of mTOR on DCs and think that
this is an important area of exploration for future work.
Recent work from our laboratory indicates that long-term com-

mitment to glycolysis in inflammatory DCs, rather than being
an intrinsic requirement for their cellular activation, is critical
for DC survival by maintaining ATP production in the absence of
mitochondrial activity (6). Although glycolytic metabolism pro-
vides a short-term metabolic solution for activated, NO-producing
DCs, these cells become entirely dependent on glucose availability
for their survival, and their rapid postactivation death can only be
modestly attenuated by glucose supplementation (7, 8). This is
consistent with numerous reports demonstrating that manipulation
of glycolytic metabolism can have substantial impact on cellular
activation and cell death (43–49). Based on these observations, we

would predict that an effective augmentation of the DC response
could be achieved by allowing cellular activation while preserving
mitochondrial function in these cells. In accordance with this hy-
pothesis, we have recently shown that mTOR-inhibited GM-DCs
exhibit significantly improved immunogenic potential in autologous
vaccination in a melanoma tumor model (8). In this study, we show
that the cellular mechanism for these improved effects is due to
attenuation of iNOS expression and the concomitant maintenance of
mitochondrial respiration in these cells. Based on the fact that many
different immune cell types undergo substantial metabolic tran-
sitions as part of their activation and differentiation profiles (6, 50–
54), we think that targeted metabolic manipulations in a diverse
array of immune cells might provide promising new therapeutic
approaches for influencing cellular immune responses.
In attempting to delineate the specific mechanism behind

mTOR’s influence on the lifespan of GM-DCs, a formal possi-

FIGURE 7. GM-DCs activated in the presence of mTOR inhibitors are insensitive to glucose deprivation but are sensitive to disruption of fatty acid

catabolism. (A) GM-DCs were either left unstimulated or activated with LPS for 18 h in the presence or absence of RAP or KU. Cultures were washed and

then media replaced with complete media, glucose-free media, or glucose-free media supplemented with galactose. The percentage inhibition of ATP levels

compared with the complete media group 30 min after media change is depicted. (B) DCs were treated as in (A) and cell viability was monitored 24 h after

media change. (C and D) Cells were treated as indicated for 24 h and then plated overnight at 5 3 104 cells per well onto PMM Tox-1 plates containing

either glucose (C) or pyruvic acid (D) as the primary carbon substrate in nutrient-restricted media (no glucose, 5% FCS, 0.3 mM L-glutamine). NADH-

reactive redox dye was added 18 h later and dye reduction by NADH was measured at 540 nm absorbance at the indicated times. Data are normalized to

absorbance readings at time 0. (E) DCs were either untreated or stimulated with LPS in the presence or absence of KU. After 24 h, culture media was

changed to glucose-replete media, glucose-free media containing galactose, or glucose-free media containing galactose in the presence of a fatty acid

transporter inhibitor (etomoxir [eto]) or a glutamine antagonist (6-diazo-5-oxo-L-norleucine [DON]). Cellular ATP levels were monitored 4 d after media

change. Graphs in this figure represent mean values6 SD of technical replicates that are representative of at least two independent experiments. *p, 0.05.
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bility remained that the affect on iNOS expression was merely
incidental and not causative in our system. In particular, mTOR
inhibitors have been documented to stimulate autophagy, an
important cellular survival response to oxidative stress (19)
that might allow them to actively protect themselves from NO-
mediated mitochondrial inhibition. By demonstrating that LPS-
activated GM-DCs are able to accelerate the death of both
iNOS-deficient cells and mTOR-inhibited GM-DCs, we have
shown that autocrine/paracrine NO toxicity is the prevailing
mechanism of postactivation DC death in our system. Further-
more, we show that mTOR-inhibited GM-DCs are not intrinsically
protected from NO cytotoxicity as a result of attenuated mTOR
signaling and that mTOR-inhibited GM-DCs fail to make enough
NO to induce paracrine NO toxicity in iNOS-deficient cells, in-
dicating that attenuation of NO production is the definitive factor
responsible for prolonged survival in mTOR-inhibited GM-DCs.
The fact that these core phenotypes remain intact in Atg5-deficient
DCs suggests that the effects of inhibiting mTOR in this system
are independent of macroautophagy and rather depend on the
inhibition of iNOS expression. These findings have implications
for understanding the activation of T lymphocyte responses by
inflammatory DCs, as paracrine NO-mediated effects have been
documented to regulate T cell activation and proliferation in
certain contexts (28).
There is an increasing appreciation of the important role that

cellular metabolism plays in the regulation of immune responses to
inflammatory stimuli (55, 56), and there has been a growing effort to
use metabolic manipulation to influence the phenotype and function
of innate and adaptive cells of the immune system (8, 50, 52, 54). In
our laboratory, we have focused on investigating the metabolic
requirements for DC activation, focusing specifically on how nutri-
ent usage and energy production shifts between immature and ac-
tivated DCs, and the functional consequences of these metabolic
changes on the immunostimulatory capacity and cellular fates of
these cells. Our data indicate that NO production by DCs and other
cells in response to inflammatory signals may play a general role in
limiting the lifespan of neighboring cells, and in this way be in-
volved in premature aging of cells in inflamed sites (57). Although
these questions are fundamentally interesting from a basic cell bi-
ology standpoint, understanding the metabolic basis for DC activa-
tion also has the potential to permit the development of therapeutic
tools for regulating cellular immune responses in clinical settings.
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