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Robust production of type I interferon (IFN-a/b) in plasmacytoid dendritic cells (pDCs) is crucial for antiviral immunity. Here we

show involvement of the mammalian target of rapamycin (mTOR) pathway in regulating interferon production by pDCs. Inhibition

of mTOR or its ‘downstream’ mediators, the p70 ribosomal S6 protein kinases p70S6K1 and p70S6K2, during pDC activation

by Toll-like receptor 9 (TLR9) blocked the interaction of TLR9 with the adaptor MyD88 and subsequent activation of the

interferon-regulatory factor IRF7, which resulted in impaired IFN-a/b production. Microarray analysis confirmed that inhibition of

mTOR by the immunosuppressive drug rapamycin suppressed antiviral and anti-inflammatory gene expression. Consistent with

this, targeting rapamycin-encapsulated microparticles to antigen-presenting cells in vivo resulted in less IFN-a/b production in

response to CpG DNA or the yellow fever vaccine virus strain 17D. Thus, mTOR signaling is crucial in TLR-mediated IFN-a/b
responses by pDCs.

Plasmacytoid dendritic cells (pDCs) are specialized immune cells able
to rapidly produce large amounts of type I interferon for antiviral
innate immunity1–3. Induction of the antiviral innate immune
response depends on recognition of viral components by Toll-like
receptors (TLRs)4. The pDCs ‘preferentially’ express virus-recognizing
TLR7 and TLR9, which sense viral single-stranded RNA and unmethy-
lated CpG-rich DNA, respectively5. ‘Downstream’ of TLR7 and TLR9
engagement, interferon production by pDCs depends absolutely on
the adaptor protein MyD88–interferon-regulatory protein IRF7 sig-
naling pathway6,7. Data have shown that phosphatidylinositol-3-OH
kinase (PI(3)K)–Akt kinase activity influences TLR-induced cytokine
production in myeloid DCs8. The kinase mTOR (mammalian target of
rapamycin) is a crucial ‘downstream’ mediator of PI(3)K-Akt signaling
and a key regulator of cell growth and proliferation9–11. Increasing
evidence suggests that mTOR integrates signals from nutrients, energy
status and growth factors to regulate many processes, including
autophagy, ribosome biogenesis and metabolism9–11. It has been
found that mTOR also is important in the survival and maturation
of myeloid DCs12, which suggests there is crosstalk between TLR
signaling and the PI(3)K-Akt-mTOR pathway. However, it is unclear
whether mTOR influences the function of pDCs.

Here we show that the rapamycin-sensitive PI(3)K-mTOR–p70
ribosomal S6 protein kinase (p70S6K) pathway is crucial for TLR-
mediated induction of type I interferon in pDCs. Inhibition of mTOR

or p70S6K by various approaches resulted in much less TLR-mediated
production of interferon-a (IFN-a) by pDCs. The mechanism of this
inhibition seemed to involve disruption of the TLR9-MyD88 complex
and subsequent impairment of phosphorylation and nuclear translo-
cation of IRF7. A physiological function for the mTOR pathway in
regulating IFN-a production was emphasized by the finding that
mTOR inhibition in vivo resulted in less IFN-a in serum and in pDCs
in response to stimulation with a TLR ligand or viral vaccine, which
ultimately led to impaired immune responses.

RESULTS

Rapamycin inhibits TLR-mediated IFN-a production by pDCs

To assess the involvement of mTOR in pDC function, we used the
highly specific mTOR inhibitor rapamycin13. We stimulated purified
human and mouse pDCs with the TLR9 ligand A-D-type CpG
oligodeoxynucleotide (CpG-A; ODN 2336)14 in the presence of
rapamycin or with vehicle alone. Rapamycin, even at low nanomolar
concentrations, substantially suppressed CpG-A-induced IFN-a pro-
duction by both mouse and human pDCs (Fig. 1a). In addition to
IFN-a, activated pDCs secrete IFN-b and moderate amounts of other
proinflammatory cytokines, including tumor necrosis factor (TNF)
and interleukin 6 (IL-6). Rapamycin also significantly inhibited pDC
secretion of IFN-b, TNF and IL-6 (Fig. 1b and Supplementary Fig. 1
online). In contrast, production of CXCL10 (IP-10) was induced by
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CpG but was not suppressed by rapamycin. The inhibitory effect of
rapamycin on IFN-a production was not limited to TLR9 stimulation,
as rapamycin also impaired IFN-a production induced by the TLR7
ligand loxoribine and several viruses, including the yellow fever
vaccine strain 17D (YF-17D) and vesicular stomatitis virus (Fig. 1c).
To exclude the possibility that these effects were caused simply by a
decrease in pDC numbers through apoptosis, we examined the
apoptotic sensitivity of pDCs to mTOR inhibition. Rapamycin, even
at high concentrations, did not induce apoptosis of pDCs, as shown by
labeling with annexin V and propidium iodide (Fig. 1d).

To determine the effect of rapamycin on other DC subsets, we
analyzed mouse bone marrow–derived DCs and human monocyte-
derived DCs as described above. In both types of DCs, there was
substantial diminution of IL-10, IL-6 and TNF production when cells
were treated with rapamycin before begin activated with lipopolysac-
charide (LPS; Supplementary Fig. 2 online). In contrast, IL-12p40
production in mouse bone marrow–derived DCs and IL-12p70
production in human monocyte-derived DCs were not affected by
rapamycin pretreatment (Supplementary Fig. 2). In addition to
rapamycin, cyclosporin A (CsA) and FK506 (tacrolimus) are two

other commonly used immunosuppressive drugs. FK506 has struc-
tural similarity to rapamycin and even forms a complex with the same
FK506 binding proteins15. Both CsA and FK506 bind to and inhibit
calcineurin in a calcium-dependent signaling pathway16. CsA and
FK506 had different effects on cytokine production by bone marrow–
and monocyte-derived DCs than did rapamycin. CsA and FK506
considerably suppressed IL-12p70 production but had no effect on the
production of IL-12p40, IL-10, IL-6 and TNF by LPS-activated bone
marrow–derived DCs and monocyte-derived DCs (Supplementary
Fig. 2). Collectively, these data show that inhibition of mTOR
suppresses IFN-a/b production by pDCs after microbial stimulation.

Given that rapamycin suppressed the TLR-mediated innate
responses of pDCs, we determined whether rapamycin-treated pDCs
were compromised in their ability to stimulate T cell responses. We
used an in vitro antigen presentation assay in which we cultured pDCs
with ovalbumin, CpG-A and OT-II CD4+ T cells, which express a
transgenic T cell receptor specific for ovalbumin peptide presented by
major histocompatibility complex class II molecules. After 3 d of
culture, we assessed the proliferation of OT-II T cells through their
incorporation of tritiated thymidine and measured the induction of
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Figure 1 Rapamycin inhibits TLR-mediated IFN-a secretion by pDCs. (a) ELISA of IFN-a in supernatants of isolated pDCs pretreated for 3 h with various

doses of rapamycin (Rap) and then stimulated with CpG-A (10 mg/ml; left) or treated with vehicle (Veh) or rapamycin and then stimulated with various doses

of CpG-A (right). (b) ELISA of IFN-b, TNF, IL-6 and CXCL10 in supernatants of purified mouse pDCs pretreated with various doses of rapamycin and then

stimulated for 24 h with CpG-A (10 mg/ml). (c) ELISA of IFN-a in supernatants of purified spleen pDCs cultured for 24 h with CpG-A (10 mg/ml), loxoribine

(Loxo; 1 mM), YF-17D or vesicular stomatitis virus (VSV; all viruses at a multiplicity of infection of 1) after pretreatment with rapamycin (Rap) or vehicle.

(d) Apoptotic death of isolated mouse pDCs pretreated with vehicle or 20 nM or 500 nM rapamycin, assessed by staining with annexin V and propidium

iodide. Numbers in quadrants indicate percent cells in each. (e) Proliferation of and cytokine induction in naive CD4+CD62L+ OT-II T cells (1 � 105 cells/

well) cultured with pDCs (5 � 104) pretreated with ovalbumin peptide (10 mg/ml) and CpG-A (10 mg/ml) plus vehicle or rapamycin (100 nM for 3 h),

assessed after 3 d by incorporation of [3H]thymidine (top left; proliferation) and ELISA of IFN-g, IL-4, IL-10, IL-13 and IL-17. *, P o 0.05; **, P o 0.001;

***, P o 0.0001. Data are representative of at least three independent experiments (error bars, s.d.).
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IFN-g, IL-4, IL-10, IL-13 and IL-17 by enzyme-linked immunosorbent
assay (ELISA). The pDCs pulsed with CpG-A and ovalbumin induced
robust OT-II T-cell proliferation; in contrast, rapamycin-pretreated
pDCs showed a reduced immune-stimulatory capacity (Fig. 1e).
We next assessed cytokine production by the OT-II cell cultures
described above. In cultures from vehicle-treated pDCs, we detected
large amounts of IFN-g, IL-17, IL-10, IL-4 and IL-13; in contrast,
rapamycin-pretreated pDCs had much lower expression of IFN-g,
IL-17 and IL-10 and had slightly lower expression of the T helper type
2 (TH2) cytokines IL-4 and IL-13. These data indicate that rapamycin-
treated pDCs are impaired in their ability to stimulate antigen-specific
CD4+ T cell activation in vitro, consistent with a published study17.

TLR stimulation of pDCs activates the mTOR pathway

To assess the mechanism by which rapamycin inhibits TLR-mediated
interferon production by pDCs, we examined the activation of mTOR
by detecting its phosphorylated form with a specific antibody to
phosphorylated mTOR. CpG-A strongly induced phosphorylation of
mTOR in the RAW264.7 mouse macrophage cell line within 15 min
and for at least 1 h; rapamycin pretreatment inhibited the effect of
CpG-A at all time points tested (Fig. 2a). Unexpectedly, in pDCs, we
found constitutive phosphorylation of mTOR (at the serine at posi-
tion 2448 (Ser2448)) even in the absence of stimulation with CpG-A,
although pretreatment of pDCs with rapamycin inhibited mTOR
phosphorylation (Fig. 2b).

Phosphorylation of mTOR leads to more phosphorylation and
inactivation of the repressor of mRNA translation 4E-BP1 (eukaryotic
initiation factor 4E–binding protein). Phosphorylation of mTOR
also leads to activation of p70S6K, which enhances protein transla-
tion9–12,18–21. It has been shown that mTOR, p70S6K and 4E-BP1 are
all ‘downstream’ phosphorylation targets of the kinase Akt22. As with
mTOR, p70S6K and Akt were constitutively phosphorylated in freshly
isolated pDCs (Fig. 2b). Stimulation of pDCs with CpG-A resulted in
a slight, yet rapid, enhancement of p70S6K phosphorylation at 5 min,
which decreased to constitutive baseline by 15 min (data not shown),
and a more substantial enhancement of 4E-BP1 phosphorylation.
Pretreatment of pDCs with rapamycin inhibited the phosphorylation
of p70S6K at Thr389. Initially, rapamycin did not seem to affect the
phosphorylation of 4E-BP1 at Thr37, Thr46 or Thr70 much, although
it did diminish phosphorylation at Ser65 (Fig. 2b); however, exposure
to rapamycin for 6 h or longer did result in inhibition of phosphor-
ylation at Thr70 (data not shown). The total amounts of mTOR,
p70S6K and 4E-BP1 protein were not altered much by rapamycin.

TLR induction of IFN-a requires the mTOR pathway

We next determined the functional consequences of disrupting the
mTOR pathway in pDCs. Knockdown of mTOR in pDCs by small
interfering RNA (siRNA) suppressed IFN-a production after CpG-A
stimulation (Fig. 3a), consistent with the inhibitory effect of rapamy-
cin on IFN-a production. Pretreatment of cells with LY294002, a
specific inhibitor of PI(3)K (an ‘upstream’ mediator of mTOR21),
also considerably suppressed CpG-A-induced IFN-a secretion in
pDCs in a dose-dependent way (Fig. 3b). This indicated that
the PI(3)K-mTOR pathway is crucial for CpG-A-induced production
of IFN-a in pDCs.
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Figure 2 Expression of rapamycin-sensitive mTOR pathway components in

pDCs. (a) Immunoblot analysis of phosphorylated (phospho-) and total

mTOR in lysates of RAW cells (4 � 106) transiently transfected for 40 h

with cyan fluorescent protein–tagged MyD88 and IRF7-YFP, treated with

vehicle (–) or rapamycin (+) and then stimulated for 0–60 min with

CpG-A–DOTAP. Results are representative of two independent experiments.

(b) Immunoblot analysis of phosphorylated and total mTOR, p70S6K,

4E-BP1 and Akt in lysates of purified pDCs (1 � 106) stimulated for
15 min with CpG-A in the presence (Rap) or absence (Medium) of

rapamycin. Results are representative of three independent experiments.
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Figure 3 TLR-mediated induction of IFN-a in pDCs depends on the mTOR

signaling pathway. (a) ELISA of IFN-a in supernatants (above) and

immunoblot analysis of mTOR in lysates (below) of purified mouse pDCs

(5 � 105) transfected for 5 h with control or mTOR-specific siRNA and then

stimulated for 24 h with CpG-A. Below, b-actin serves as a loading control.
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assessed 24 h later. (c) ELISA of IFN-a in supernatants (above) and
immunoblot analysis of p70S6K in lysates (below) of mouse pDCs

transfected for 5 h with siRNA pools specific for p70S6K1 (S6K1),

p70S6K2 (S6K2) or both (S6K1,2), then stimulated for 24 h with CpG-A.

*, P o 0.05. (d) ELISA of IFN-a in supernatants of pDCs isolated from
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Deletion of 4E-BP1 and 4E-BP2 has been shown to enhance the
production of type I interferon in pDCs through translational control
of IRF7 mRNA23. However, it is not clear whether p70S6K also
regulates IFN-a production in pDCs. We therefore evaluated the
function of p70S6K in this process. We transfected purified pDCs
with siRNA pools specific for only p70S6K1 or p70S6K2 mRNA or
with siRNA pools specific for both. We confirmed the efficacy of the
siRNA in ‘knocking down’ gene expression by measuring protein
(Fig. 3c). Downregulation of p70S6K1 (Rps6kb1) or p70S6K2
(Rps6kb2) by siRNA resulted in less IFN-a secretion by mouse pDCs
(Fig. 3c); knockdown of both kinases resulted in even less secretion of
IFN-a (Fig. 3c). Consistent with those findings, there was less IFN-a
secretion by pDCs isolated from Rps6k1–/–Rps6k2–/– double-knockout
mice (Fig. 3d). However, the spleens of the double-knockout mice did
not have fewer pDCs (Supplementary Fig. 3 online). These results
collectively show that CpG-A-induced IFN-a production in pDCs is
mediated by the PI(3)K-mTOR-p70S6K signaling pathway.

Blocking TLR9-MyD88 interaction and IRF7 phosphorylation

To further understand the mechanism of action of rapamycin in its
inhibition of IFN-a in pDCs, we first assessed by flow cytometry the

intracellular expression of TLR9 in rapamycin-treated pDCs. TLR9
was constitutively expressed in pDCs, and there was no substantial
difference in TLR9 expression by CpG-A-activated pDCs and resting
pDCs (Fig. 4a). Rapamycin did not alter pDC TLR9 expression. The
mechanism by which rapamycin inhibits IFN-a production therefore
probably does not involve less expression of TLR9. Stimulation of DCs
with CpG causes both TLR9 and MyD88 to be rapidly redistributed
toward sites of CpG accumulation24. To address whether rapamycin
treatment affected TLR9 redistribution and its subsequent binding
to CpG, we exposed RAW cells expressing yellow fluorescent
protein (YFP)-tagged TLR9 to indodicarbocyanine-tagged CpG-A
and examined the localization of TLR9 and CpG-A by confocal
microscopy. Rapamycin did not seem to affect the association of
TLR9 with CpG-A (Fig. 4b).

TLR9 signaling results in MyD88-dependent activation of IRF7 and
the adaptor protein TRAF6, which together mediate IFN-a produc-
tion7,25. We further evaluated the effect of rapamycin on this signaling
pathway in RAW cells, which express type I interferons. We stimulated
RAW cells coexpressing YFP-tagged TLR9 and hemagglutinin-tagged
MyD88 with the cationic lipid DOTAP (CpG-A–DOTAP)7 to activate
the TLR9-MyD88-IRF7 signaling pathway. We then lysed the cells,
immunoprecipitated equal amounts of proteins with antibody to
hemagglutinin (anti-hemagglutinin) and used immunoblot analysis
to detect TLR9. TLR9 immunoprecipitated together with MyD88 after
stimulation with CpG-A–DOTAP; this interaction was prevented by
rapamycin (Fig. 5a). We further verified the interaction between
TLR9 and MyD88 using various expression constructs and by
converse experiments in which we immunoprecipitated TLR9-MyD88

Figure 5 Rapamycin inhibits the spatial

interaction of TLR9 with the MyD88-IRF7

complex and affects the phosphorylation and

nuclear translocation of IRF7. (a) Immunoassay

of RAW cells (4 � 106) transfected with

hemagglutinin-tagged MyD88 and YFP-tagged

TLR9 and then, 36 h later, stimulated for 90 min

with CpG-A–DOTAP; cell extracts were

immunoprecipitated (IP) with anti-hemagglutinin

and analyzed by immunoblot (IB) for

coprecipitated TLR9. MyD88 serves as a loading

control. (b) Flow cytometry of human pDCs

pretreated with rapamycin (left) or transfected

with control (con) siRNA or siRNA specific for

p70S6K1 and p70S6K2 (S6K), then stimulated

for 45 min with CpG-A; cells were fixed, made

permeable and stained with phycoerythrin-

conjugated mouse antibody to IRF7
phosphorylated at Ser477 and Ser479

(phosphor-IRF7) or control isotype antibody

(Control Ab; phycoerythrin-conjugated mouse

immunoglobulin G1). (c) Confocal microscopy of purified mouse pDCs stimulated for 12 h with CpG-A in the presence of rapamycin or vehicle, then

fixed with formaldehyde, made permeable with saponin, blocked with 20% (vol/vol) goat serum, stained with anti-IRF7 (green) and mounted with ProLong

Gold antifade reagent with DAPI (blue). Scale bar, 2 mm. (d) Luciferase assay of HEK293 cells transiently transfected with 0 ng (–), 40 ng or 200 ng of

constitutively active IRF7 (IRF7-D477,479) together with luciferase-tagged IFN-b (plasmid p125-Luc; 50 ng), renilla luciferase (0.5 ng), wild-type IRF7

(3 ng), MyD88 (20 ng) and TLR9 (50 ng), cultured for 24 h, then pretreated for 3 h with 100 nM rapamycin and then stimulated overnight with CpG-A

(10 mg/ml). Empty vector, vector without IRF7. Data are representative of three (a,d) or two (b,c) independent experiments (error bars (d), s.d.).
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complexes with anti-TLR9 and then detected them with anti-MyD88
(Supplementary Fig. 4 online and data not shown). In each of these
cases, rapamycin inhibited the formation of TLR9-MyD88 complexes;
consistent with this, siRNA knockdown of p70S6K1 and p70S6K2 also
impaired TLR9-MyD88 interaction (Supplementary Fig. 4).

IRF7 regulates type I interferon–dependent immune responses6.
Central to the activation of IRF7 is its phosphorylation, which leads to
the formation of homodimers of IRF7 and nuclear accumulation of
dimers that are able to bind DNA and transactivate interferon target
genes26,27. To study the effect of rapamycin on the function of IRF7,
we pretreated purified human pDCs for 3 h with rapamycin and then
with CpG-A. We then detected phosphorylation of IRF7 in pDCs with
an antibody to IRF7 phosphorylated at Ser477 and Ser479. In the
absence of rapamycin, CpG-A activation of pDCs led to phosphoryla-
tion of IRF7; phosphorylation was inhibited by rapamycin treatment,
although total IRF7 protein expression was unaffected (Fig. 5b and
Supplementary Fig. 5 online). Similarly, knockdown of p70S6K1 and
p70S6K2 with specific siRNA pools resulted in less IRF7 phosphoryla-
tion (Fig. 5b). Moreover, activation with CpG-A for 12 h led to IRF7
localization mainly in the nucleus in most isolated pDCs; this nuclear
translocation of IRF7 was inhibited by pretreatment with rapamycin
(Fig. 5c). We also overexpressed a constitutively active form of IRF7 in
human embryonic kidney (HEK293) cells before CpG-A stimulation
and found that this ‘rescued’ the defect in interferon production after
mTOR inhibition (Fig. 5d). These results indicate that rapamycin
inhibits the activation and nuclear translocation of IRF7 in pDCs.

We next used microarray to analyze gene expression in sorted
mouse pDCs to obtain further insights into the mechanism by

which rapamycin inhibited IFN-a induction
in pDCs. After CpG-A stimulation for 4 or
12 h, pDCs had higher expression of genes
encoding several antiviral proteins (such as
IFN-a4, IFN-b1 and the interferon-inducible
proteins IFI44 and IFI202B) and inflamma-
tory molecules, including the complement
proteins C5AR1 and C3, as well as several
chemokines (CCL2, CCL7, CCL8 and CCL12)
and chemokine receptors (CCR3). In the
presence of rapamycin, expression of the
genes encoding these proteins was lower,
whereas the expression of genes encoding
other proteins, such as CXCL10, CD86,
IL-12B and IL-8RB, was either not lower or
was actually higher in the presence of rapa-
mycin (Supplementary Fig. 6 online).

In vivo targeting of rapamycin

To determine whether rapamycin inhibited
type I interferon production in vivo, we
injected rapamycin into C57BL/6 mice and,
after 3 d, injected CpG-A or live attenuated
YF-17D. YF-17D, one of the most effective
vaccines28, induces immune signaling through
many TLRs, including TLR2, TLR7, TLR8
and TLR9 (ref. 29). We used ELISA to
measure the kinetics of serum production of
IFN-a and IFN-a produced by pDCs isolated
and cultured ex vivo. Injection of CpG-A
induced robust IFN-a production in pDCs
12 h after stimulation, which decreased slowly
over 48 h (Supplementary Fig. 7 online).

YF-17D-activated secretion of IFN-a had similar kinetics, and pre-
treatment with rapamycin resulted in significantly less IFN-a (Fig. 6a).
In contrast to the robust CpG-A-mediated induction of IFN-a in
pDCs, we detected no IFN-a in the serum of CpG-A-induced mice at
any time points tested (Supplementary Fig. 7). However, we did
detect robust serum IFN-a secretion in response to YF-17D, which
peaked at 12 h and decreased to baseline at 24 h; the administration of
rapamycin before YF-17D challenge inhibited serum IFN-a produc-
tion (Fig. 6a). Knockdown of p70S6K1 and p70S6K2 in pDCs
inhibited the production of IFN-a in response to YF-17D in vitro
(Supplementary Fig. 8 online), which supported our data obtained
with rapamycin (Fig. 1c). These results indicate that rapamycin
potently inhibits the secretion of IFN-a in pDCs in vivo in response to
CpG-A and YF-17D.

Because soluble rapamycin targets all cells in vivo and therefore
would not have a specific inhibitory effect on DCs16, we encapsulated
rapamycin in poly(lactic-co-glycolic) acid (PLGA) microparticles30

and injected these into mice intraperitoneally to specifically enhance
uptake of rapamycin by antigen-presenting cells (APCs). Published
work has shown that PLGA microparticles can enhance the delivery of
encapsulated molecules to APCs30, and our initial results confirmed
that (Fig. 6b). Additional experiments showed that pDCs from mice
treated with PLGA-encapsulated rapamycin secreted much less IFN-a
both after infection with YF-17D and after systemic administration of
CpG-A (Fig. 6a and Supplementary Fig. 7).

To investigate the effects of rapamycin delivery to APCs on T cell
responses in vivo, we immunized mice with YF-17D and analyzed the
antigen-specific CD8+ T cell response in the draining lymph nodes.
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We prepared single-cell suspensions of lymph nodes 5 d later and
restimulated for 72 h in vitro with a combination of yellow fever CD8+

T cell epitope peptides from NS3 and E-1 (ref. 29). We then evaluated
the induction of IFN-g, IL-17, IL-4, IL-13 and IL-10 (TH1, TH2 and
IL-17-producing T helper cell cytokines) in culture by ELISA and
intracellular flow cytometry. YF-17D induced IFN-g production as
measured in total cell culture supernatants and in CD8+ T cells
(Fig. 7). YF-17D also induced the production of TH2 cytokines
IL-4, IL-13 and IL-10, consistent with a published report that
YF-17D induces a mixed TH1 and TH2 T cell response in vivo29.
IL-17 production was also induced by in vivo YF-17D stimulation.
In vivo administration of PLGA-encapsulated rapamycin before virus
challenge inhibited TH1, TH2 and L-17-producing T helper cell
cytokines. Collectively, these findings show that mTOR inhibition in
APCs in vivo can suppress the adaptive immune response to a vaccine.

DISCUSSION

It is well established that engagement of TLRs by many viruses
stimulates robust production of type I interferon in pDCs, but the
molecular mechanisms that regulate this important antiviral response
are not fully understood. Given the crucial function of type I
interferons in innate and adaptive immunity, the interferon response
must be under tight control to prevent pathogenic responses. Many
regulatory mechanisms involving surface receptors (BDCA2, ILT7,
Siglec-H, immunoglobulin E receptor and NKp44), intracellular and
exogenous factors (IRF4), and virus-encoded molecules have been
shown to modulate the interferon responses of pDCs1–3. Osteopontin
is reported to be essential for TLR9-dependent interferon production
by pDCs31. Here we have shown that mTOR has a crucial function in
the TLR-mediated induction of IFN-a in pDCs, in vitro and in vivo.
Using several independent methods to investigate whether the mTOR
signaling pathway regulates type I interferon activity, we found
that inhibition of mTOR-p70S6K resulted in inhibition of IRF7
phosphorylation and nuclear localization, which impaired the pro-
duction of type I interferon.

Several aspects of our study warrant further comment. The first
relates to the mechanism by which rapamycin inhibits TLR-mediated
IFN-a production in pDCs. Our data indicated that knockdown of
mTOR or its downstream mediator p70S6K resulted in disruption of
the MyD88-TLR9 interaction and nuclear localization of IRF7. Acti-
vation of mTOR enhances translation initiation in part by phosphor-
ylation of its main targets, 4E-BP1, 4E-BP2, p70S6K1 and p70S6K2
(refs. 10–12,18). Both 4E-BP1 and 4E-BP2 are translational repressors,
and their phosphorylation by mTOR abrogates their ability to bind
the initiation factor eIF4E and inhibit protein synthesis32. A study has
shown that inhibiting expression of 4E-BP1 and 4E-BP2 enhances
IRF7 translation and increases virus-stimulated interferon synthesis23.

Our study has indicated that in addition to the 4E-BP-dependent
translational regulation of IRF7, activation of p70S6K leads to
enhanced IRF7 phosphorylation and nuclear translocation. Together,
the previous study23 and our study here indicate that mTOR-mediated
phosphorylation of 4E-BP1, 4E-BP2, p70S6K1 and p70S6K2 promotes
IFN-a production through IRF7. Our results are consistent with a
study reporting a crucial function for PI(3)K in nuclear translocation
of IRF7 and production of type I interferon by human pDCs in
response to TLR stimulation33, although the involvement of the
‘downstream’ mTOR pathway was not reported in that study.

The effect of rapamycin in blocking the association of TLR9 and
MyD88 raises the issue of whether there is direct physical interaction
between the mTOR complex and TLR9-MyD88. We were unable to
obtain evidence of such an interaction by immunoprecipitation
studies (data not shown). In addition, because TLR9-MyD88 inter-
action is a proximal event, it seems likely that rapamycin treatment
would also inhibit other TLR9-mediated pathways, such as the
transcription factor NF-kB pathway. Rapamycin treatment did indeed
inhibit TLR9-mediated NF-kB signaling (data not shown), consistent
with the lower production of proinflammatory cytokines such as TNF
and IL-6. However, the lack of any effect on expression of CXCL10
or proteins such as CD86 may reflect incomplete blockage of the
TLR9-MyD88 association by rapamycin.

Another issue is the extent to which the effects of rapamycin are
specific to the TLR7-TLR9-MyD88-IRF7 axis in pDCs. To clarify the
TLR specificity of mTOR inhibition, we examined IFN-a/b produc-
tion by mouse splenic CD11c+ DCs in response to various TLR
ligands, as pDCs express only a limited set of TLRs. Rapamycin
blocked IFN-a secretion in response to stimulation by ligands for
TLR4, TLR7 and TLR9, but not in response to polyinosinic-poly-
cytidylic acid (data not shown). TLR9 and TLR7 are thought to
mediate all their effects through MyD88; in the case of LPS, the
adaptor protein TRIF is believed to mediate the induction of IFN-b34.
However, it is not clear whether TRIF is directly involved in the
induction of IFN-a. In fact, it has been reported25 that IFN-a is
induced by LPS indirectly: TLR4 activation induces IFN-b through
TRIF-IRF3, and this secreted IFN-b induces IRF7 activation, which
then induces IFN-a. The effects of rapamycin on the induction of
IFN-a in response to LPS can therefore be explained by the finding
that knockdown of p70S6K1 and p70S6K2 inhibited IRF7 activation
in our studies. In contrast, there was no inhibition of IFN-a produc-
tion in response to stimulation with polyinosinic-polycytidylic acid
(data not shown), which is known to induce type I interferons (IFN-a
and IFN-b) through cytosolic helicase and RNA sensor MDA5–
dependent signaling with the signaling adaptor IPS-1 (ref. 35). We
also noted that rapamycin inhibited IFN-a production in pDCs in
response to modified vaccinia virus Ankara (data not shown). The
mechanism of induction of IFN-a by this virus is thought to rely on
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immune response to a vaccine. IFN-g production (top right) and cytokine

expression (top left and bottom) by CD8+ T cells enriched from draining

lymph nodes of C57BL/6 mice left untreated (–) or treated daily for 3 d with

vehicle or rapamycin microparticles (2 mg per mouse per day) and then

vaccinated subcutaneously on day 4 with YF-17D; 5 d later, single-cell

suspensions were cultured for an additional 3 d in vitro in medium alone

(left bars) or with a CD8+ T cell epitope from YF-17D (middle and right
bars). IFN-g was assessed by intracellular cytokine staining and flow

cytometry; numbers above outlined areas indicate percent CD8+IFN-g+ cells.

IFN-g, IL-4, IL-13, IL-10 and IL-17 in cell supernatants were measured by
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both TLR-independent and TLR-dependent pathways36. Because this
virus stimulates many receptors, including TLRs and non-TLRs, it is
possible that mTOR also affects signaling through these non-TLRs.

It is notable that we found Akt, mTOR and p70S6K, and, to a lesser
extent, 4E-BP1, to be constitutively activated in pDCs in the steady
state. One possible explanation for this is that pDCs are very sensitive
to various stresses, including ‘danger signals’ from pathogen products37

and changes in temperature and nutrients. In fact, the process of
isolating DCs can cause them to become nonspecifically activated, as
shown by the spontaneous upregulation of costimulatory molecules in
cell culture in the absence of any exogenous stimulation38. Given the
central function of mTOR in regulating cellular responses to funda-
mental changes in nutrients, growth factors and energy status, it is
possible that the stresses involved in their isolation-induced activation
of the mTOR pathway39. Immunoblot analysis showed that
‘untouched’ pDCs, isolated by depletion of other cell types from mouse
spleen, had constitutively active mTOR (data not shown). Thus, con-
stitutively phosphorylated mTOR in pDCs may represent a unique
adaptation of these cells to facilitate rapid deployment of the type I
interferon response against viral infection. In this context, it is notable
that other such adaptations to facilitate rapid induction of type I
interferons have been reported in pDCs. For example, the interferon-
inducing TLR9 ligand CpG-A is retained with the MyD88-IRF7
complex for long periods in the endosomal vesicles of pDCs7. In
summary, our data show a function for mTOR in regulating TLR-
mediated activation of pDCs. Elements of the mTOR signaling pathway
may thus represent potential therapeutic targets in the control of viral
immunity and type I interferon–mediated diseases such as lupus40.

METHODS
Mice and reagents. Rps6k1–/–Rps6k2–/– double-knockout mice were provided by

S.C. Kozma and N. Sonenberg. C57BL/6 mice were from The Jackson Labora-

tory. Mice were maintained in specific pathogen–free conditions in the Emory

Vaccine Center vivarium. All animal protocols were reviewed and approved by

the Institute Animal Care and Use Committee of Emory University. CsA, FK506

(tacrolimus) and rapamycin (sirolimus) were from Sigma. CpG-A (ODN 2336)

DNA was from Coley Pharmaceutical indodicarbocyanine-labeled CpG-A was

from Sigma Genosys. The PLGA RG502H was from Boehringer Ingelheim

Chemicals. Polyvinyl alcohol was from Aldrich Chemicals. Control ON-TAR-

GETplus siCONTROL nontargeting pool and ON-TARGETplus SMART pool

for mouse Rps6kb1 and Rps6kb2 were from Dharmacon. The siRNA specific for

mouse mTov (FRAP) was from Santa Cruz. Cyan fluorescent protein–tagged

MyD88 and YFP-tagged IRF7 plasmids were provided by T. Taniguchi. YFP-

tagged TLR9 plasmid (Addgene plasmid 13642) was provided by D. Golenbock.

Green fluorescent protein (GFP)-tagged TLR9 was provided by D. Segal.

Hemagglutinin-tagged MyD88 plasmid (Addgene plasmid 12287) was provided

by B. Beutler. Constitutively active IRF7 (D477,479) was provided by J. Hiscott.

Microbial stimuli. YF-17D subpassaged from YF-VAX (Aventis Pasteur) in

SW-480 cells was provided by R. Ahmed. Modified vaccinia virus Ankara was

provided by R.R. Amara. Highly purified Escherichia coli LPS (strain 25922)

was provided by T. Van Dyke. Loxoribine (tlrl-lox), imiquimod (R837; tlrl-imq)

and polyinosinic-polycytidylic acid (tlrl-pic) were from InvivoGen.

Preparation of DCs. For the preparation of splenic pDCs, spleens were

digested with collagenase type IV (Worthington Biomedical), and samples

were enriched for CD45RA+CD11cint pDCs by the use of microbeads coated

with anti–mouse PDCA1 (Miltenyi Biotec). For some studies, enriched

cells were further sorted with a FACSAria (BD Biosciences). Human pDCs

were isolated from peripheral blood mononuclear cells with a pDC isolation kit

(Miltenyi Biotec). For the preparation of mouse bone marrow–derived

DCs and human monocyte-derived DCs, mouse bone marrow cells or

human monocytes were cultured for 6 d with granulocyte-macrophage

colony-stimulating factor (10 ng/ml) and IL-4 (PeproTech). For measurement

of interferon production, cells were seeded into 96-well plates (2 � 105 cells per

well) and stimulated for 24–40 h with various reagents. Interferon in cell

supernatants was measured by ELISA (PBL Biomedical Laboratories).

Transfection experiments. The mouse macrophage cell line RAW264.7

(obtained from S. Zughaier) was transfected with Lipofectamine 2000 accord-

ing to the manufacturer’s instructions (Invitrogen). DharmaFECT transfection

reagent (Dharmacon) was used for transfection of siRNA (100 nM).

T cell assays. For in vitro stimulation, purified splenic pDCs (5 � 104) were

pretreated for 3 h with rapamycin (100 nM) and washed three times. Cells

were then cultured with naive CD4+CD62L+ OT-II T cells (1 � 105), CpG-A

(10 mg/ml) and ovalbumin (ISQVHAAHAEINEAGR; 10 mg/ml) in 200 ml RPMI

complete medium in 96-well round-bottomed plates. After 72 h, supernatants

were collected for cytokine measurement and T cell proliferation was assessed as

[3H]thymidine incorporation. For analysis of yellow fever–specific T cell

responses, isolated lymph node cells from mice injected with YF-17D were

plated at a density of 5 � 105 cells per well in 96-well plates and were cultured in

complete DMEM with 10% (vol/vol) FBS alone or with a combination of the

yellow fever CD8+ T cell epitope peptides NS3 (VIDAMCHATLTYRML) and

E-1 (AHCIGITDRDFIEGV). On the third day, supernatants were collected for

cytokine measurement. For intracellular cytokine analysis, lymph node cells

were stimulated for 6 h with yellow fever peptides in the presence of GolgiStop

(PharMingen) and were stained with peridinin chlorophyll protein–conjugated

anti-CD8 (53–6.7; Clontech). Cells were made permeable with Cytofix/

Cytoperm and were stained with phycoerythrin-conjugated anti-IFN-g
(XMG1.2; Clontech).

Immunoassays. Mouse spleen pDCs were enriched with microbeads coated

with anti–mouse PDCA-1. The purity of each population was routinely

between 80% and 85%, as determined by flow cytometry. Isolated pDCs

(1 � 106) were pretreated for 3 h with rapamycin and were stimulated for

15 min with CpG-A. Cells were lysed with 100 ml M-PER mammalian protein

extraction reagent (Pierce) containing Halt protease inhibitor, EDTA and

phosphatase inhibitor (Pierce). Equal amounts of protein were separated by

SDS-PAGE and were transferred onto polyvinylidene fluoride membranes.

Proteins were visualized with SuperSignal West Pico chemiluminescent sub-

strate (Pierce). The following primary antibodies were from Cell Signaling

(all at a dilution of 1:1,000): anti-mTOR (2972); antibody to mTOR

phosphorylated at Ser2448 (2971); anti-Akt (9272); antibody to Akt

phosphorylated at Thr308 (9275); anti-4E-BP1 (9452); antibody to 4E-BP1

phosphorylated at Thr37 and Thr46 (9459), Ser65 (9451) or Thr70 (9455);

anti-p70S6K (9202); and antibody to p70S6K phosphorylated at Thr389

(9205). Anti-b-actin was from Sigma. Anti-IRF7 (sc-9083) was from Santa

Cruz. Horseradish peroxidase–conjugated secondary antibody (1:1,000) was

from Cell Signaling.

Immunoblotting. RAW cells (4 � 106) were transfected for 36 h with

hemagglutinin-tagged MyD88 and YFP-tagged TLR9 or GFP-tagged TLR9

plasmids. Cells were pretreated with rapamycin (100 nM) for 3 h before being

incubated with CpG-A–DOTAP for an additional 90 min. After being washed

with cold PBS, cells were lysed and equal amounts of proteins from each sample

were precleared for 1 h at 4 1C with immobilized protein A/G (Pierce).

Supernatants were collected and were incubated overnight at 4 1C with anti-

hemagglutinin (16B12; Covance) or anti-GFP (JL-8; Clontech) and immobi-

lized protein A/G. Immune complex beads were washed thoroughly with lysis

buffer. Sample buffer (30 ml) was added to the pellets and the proteins were

released from the beads by boiling for 5 min. Coimmunoprecipitated proteins

were detected by immunoblot analysis with anti-YFP or anti-hemagglutinin.

Additional methods. Information on mouse injections, encapsulation of

rapamycin in PLGA microparticles, apoptosis assays for pDCs, cytokine

detection, flow cytometry, microarray analysis, imaging and luciferase reporter

assays is available in the Supplementary Methods online.

Statistics. The statistical significance of differences in the mean ± s.d. of

cytokines released by cells of various groups was calculated with the Student’s

t-test (one tailed). P values less than 0.05 were considered statistically significant.
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Note: Supplementary information is available on the Nature Immunology website.
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