
Participation of Mammalian Target of Rapamycin
Complex 1 in Toll-Like Receptor 2– and 4–Induced
Neutrophil Activation and Acute Lung Injury

Emmanuel Lorne1,3,4*, Xia Zhao1*, Jaroslaw W. Zmijewski1,2, Gang Liu1, Young-Jun Park1,
Yuko Tsuruta1, and Edward Abraham1,2

1Department of Medicine, 2Center for Free Radical Biology, University of Alabama, Birmingham, Alabama; and 3Institut National
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mTOR complex 1 (mTORC1) plays a central role in cell growth and
cellular responses to metabolic stress. Although mTORC1 has been
shown to be activated after Toll-like receptor (TLR)-4 engagement,
there is little information concerning the role that mTORC1 may play
in modulating neutrophil function and neutrophil-dependent in-
flammatory events, such as acute lung injury. To examine these
issues, we determined the effects of rapamycin-induced inhibition of
mTORC1onTLR2- andTLR4-inducedneutrophil activation.mTORC1
was dose- and time-dependently activated in murine bone marrow
neutrophils cultured with the TLR4 ligand, LPS, or the TLR2 ligand,
Pam3 Cys-Ser-(Lys)4 (PAM). Incubation of PAM- or LPS-stimulated
neutrophils with rapamycin inhibited expression of TNF-a and IL-6,
but not IkB-a degradation or nuclear translocation of NF-kB.
Exposure of PAM or LPS-stimulated neutrophils to rapamycin
inhibited phosphorylation of serine 276 in the NF-kB p65 subunit,
a phosphorylation event required for optimal transcriptional activity
of NF-kB. Rapamycin pretreatment inhibited PAM- or LPS-induced
mTORC1 activation in the lungs. Administration of rapamycin also
decreased the severity of lung injury after intratracheal LPS or PAM
administration, as determined by diminished neutrophil accumula-
tion in the lungs, reduced interstitial pulmonary edema, and di-
minished levels of TNF-a and IL-6 in bronchoalveolar lavage fluid.
These results indicate that mTORC1 activation is essential in TLR2-
and TLR4-induced neutrophil activation, as well as in the develop-
ment and severity of acute lung injury.
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There are two functionally distinct mammalian target of rapa-
mycin (mTOR) complexes (mTORCs), mTORC1 and mTORC2
(1). mTORC1 acts downstream of the tuberous sclerosis complex
(TSC) 1 and 2–Rheb signaling pathway to activate S6K1, which
phosphorylates ribosomal protein S6 (rpS6), as well as to inhibit
the eukaryotic transcriptional initiation factor, 4E-binding pro-
tein 1 (4E-BP1) in a rapamycin-sensitive fashion (1, 2). mTORC1
participates in the regulation of transcriptional as well as trans-
lational events for genes involved in biosynthetic and metabolism
pathways (3–5). In contrast, mTORC2 controls the organization
of the actin cytoskeleton and is rapamycin insensitive (6).

Rapamycin is a fungicide that forms a complex with the
immunophilin, FKBP12, which then binds to and inhibits the
activity of mTORC1 (3). Rapamycin is clinically used as an
immunosuppressant to prevent the rejection of transplanted
organs and to inhibit endothelial proliferation and vessel
restenosis after angioplasty (7–10). However, the ability of
rapamycin to modulate activation of neutrophils, particularly
after Toll-like receptor (TLR)-2 or -4 stimulation, or to ame-
liorate the severity of inflammatory processes, such as acute
lung injury (ALI), in which neutrophils play a major role, has
not been described.

In recent work, we have shown that AMP-activated protein
kinase (AMPK) activation prevents TLR4-induced activation of
neutrophils and diminishes the severity of LPS-induced ALI
(11). Because AMPK is upstream of Rheb phosphorylation,
AMPK activation is postulated to inhibit the activities of both
mTORC1 and mTORC2 (3). Therefore, given the antiinflam-
matory properties of AMPK activation, we hypothesized that
direct inhibition of mTORC1 with rapamycin would also de-
crease TLR4- as well as TLR2-induced activation of neutrophils,
and reduce the severity of TLR2- or TLR4-associated ALI.

MATERIALS AND METHODS

Mice

Male C57BL/6 mice, 8 to 12 weeks of age, were purchased from Jackson
Laboratory (Bar Harbor, ME). The mice were kept on a 12 hour:12 hour
light:dark cycle, with free access to food and water. All experiments
were conducted in accordance with institutional review board–approved
protocols (Institutional Animal Care and Use Committee, University of
Alabama, Birmingham, Alabama).

Materials

RPMI 1,640, L-glutamine, penicillin–streptomycin, and Escherichia
coli 0111:B4 endotoxin highly purified with phenol extraction (LPS)
were purchased from Sigma-Aldrich (St. Louis, MO). Pam3Cys-Ser-
(Lys)4 was obtained from Alexis Biochemicals (San Diego, CA). FBS
was purchased from Atlanta Biologicals (Norcross, GA). Rapamycin
was purchased from Calbiochem (San Diego, CA). Antibodies against
nonphosphorylated rpS6, phosphorylated rpS6 (Ser240/244), 4E-BP1,
and p-p65 (Ser276) were purchased from Cell Signaling Technology
(Beverly, MA). Anti-actin antibody was purchased from Sigma-Aldrich.
Antibody against total p65 was purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). Goat anti-rabbit IgG (H1L)–horseradish
peroxidase conjugate was obtained from Bio-Rad (Hercules, CA).
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Custom antibody mixtures and negative selection columns for neutro-
phil isolation were purchased from Stem Cell Technologies (Vancou-
ver, BC, Canada). Cytokine ELISA kits were obtained from R&D
Systems (Minneapolis, MN).

Neutrophil Isolation and Culture

Bone marrow neutrophils were isolated as previously described (12–14).
Neutrophil purity was consistently greater than 97%, as determined by
Wright-Giemsa–stained cytospin preparations. Neutrophils were cul-
tured in RPMI 1,640 medium containing 0.5% FBS and treated as
indicated in the figure legends. Neutrophil viability under experimental
conditions was determined using trypan blue staining, and was consis-
tently greater than 95%.

Nuclear Extract Purification

Purification of nuclei was performed as previously described (11, 13,
14). Briefly, bone marrow neutrophils (8 3 106) were collected in PBS
and centrifuged. The cell pellet was resuspended with 50 ml of hy-
potonic buffer (10 mM Tris [pH 7.5], 10 mM NaCl, 3 mM MgCl2,
0.05% Nonidet P-40, 1 mM EGTA, and protease/phosphatase inhib-

itors), then centrifuged at 2,700 3 g for 5 minutes at 48C. The nuclei
were lysed in 50 ml NP-40 lysis buffer (50 mM Tris [pH 7.5], 137 mM
NaCl, 0.1% NP-40, 2 mM EDTA, and protease/phosphatase inhib-
itors). After a 1-hour incubation on ice, enriched nuclei fractions were
collected by centrifugation (10,000 3 g) for 20 minutes at 48C. The
protein concentration of the supernatant was determined using Brad-
ford reagent (Bio-Rad) with BSA as a standard.

Western Blot Analysis

Western blot analysis was performed as previously described (12–14).
In brief, samples obtained from neutrophils or lung homogenates
were mixed with Laemmli sample buffer and boiled for 5 minutes.
Equal amounts of protein were resolved by 10–15% SDS-PAGE and
transferred onto polyvinylidene fluoride membranes (Immobilon P;
Millipore, Billerica, MA). The membranes were probed with specific
antibodies, followed by detection with horseradish peroxidase–
conjugated anti-goat IgG. Bands were visualized by enhanced chemi-
luminescence (Super Signal; Pierce Biotechnology, Rockford, IL) and
quantified by using AlphaEaseFCTM software (Alpha Innotech, San
Leandro, CA). Each experiment was performed three or more times

Figure 1. Incubation of neutrophils with Toll-like receptor
(TLR) 2 and TLR4 ligands induces mammalian target of

rapamycin (mTOR) complex 1 (mTORC1) activation in

a dose- and time-dependent manner. Bone marrow

neutrophils were cultured with the indicated concentra-
tions of Pam3 Cys-Ser-(Lys)4 (PAM) and LPS for 90 minutes

(A and C) or for the indicated times with 1 mg/ml PAM or

LPS (B and D). Cell extracts were then subjected to SDS-

PAGE Western blot analysis with antibodies specific for
total and phosphorylated ribosomal protein S6 (rpS6)

(Ser240/244). Representative Western blots are shown, as

well as densitometry determinations from three indepen-
dent experiments (mean 6 SEM; *P , 0.05 or **P , 0.01

compared with untreated).
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using cell populations or lung homogenates obtained from separate
groups of mice.

Electrophoretic Mobility Shift Assay

Electrophoretic mobility shift assays performed as reported previously
(12, 14–16). In brief, the kB DNA sequence of the Ig gene was used.
Synthetic double-stranded sequences (with enhancer motifs under-
lined) were filled in and labeled with [32P]dATP (GE Healthcare,
Piscataway, NJ) using Sequenase DNA polymerase: B sequence, 59-GC
CATGGGGGGATCCCCGAAGTCC-39 (Geneka Biotechnology,
Montreal, Canada).

ALI Model

ALI was induced by intratracheal administration of 1 mg/kg phenol-
extracted LPS or 10 mg/kg Pam3 Cys-Ser-(Lys)4 (PAM) in 50 ml of
PBS. Briefly, mice were anesthetized with isoflurane. The tongue was
then gently extended, and the LPS solution deposited into the pharynx
(12, 17). Mice were pretreated with saline or rapamycin (5 mg/kg body
weight dissolved in 0.9% saline, intraperitoneally). After 24 hours, the
mice received a second injection of rapamycin or saline, followed by
intratracheal administration of either PAM (10 mg/kg) or LPS (1 mg/kg).
There were no deaths associated with rapamycin and PAM or LPS
administration.

Harvest of Lungs and Bronchoalveolar Lavage

Lungs were harvested 24 hours after PAM or LPS administration. As
described previously (12, 17), bronchoalveolar lavage (BAL) was
obtained by cannulating the trachea with a blunt 20-gauge needle
and then lavaging the lungs three times with 1 ml of ice-cold PBS. Total
cell counts were measured in the BAL fluid with a hemocytometer
(Hausser Scientific, Horsham, PA).

The BAL fluid cells were collected and cytospin slides were
prepared and stained with HEMA 3 (Fisher Scientific, Kalamazoo,
MI). The number of total cells and neutrophils were counted.

Wet-to-Dry Lung Weight Ratios

Wet-to-dry ratios were determined as reported previously (17, 18). In
brief, lungs were excised, rinsed with PBS, blotted, and then weighed
for the wet weight. Lungs were then dried in an oven for 7 days at 808C
and the dry weight measured.

Myeloperoxidase Assay

Myeloperoxidase (MPO) activity was quantified as reported previously
with minor modifications (12, 19). In brief, lung homogenates, collected
in 1 ml of 50-mM potassium phosphate buffer (pH 6.0) and 10-mM
N-ethylmaleimide, were centrifuged at 12,000 3 g for 30 minutes at
48C. The pellet was then washed twice and sonicated on ice for
90 seconds in hexadecyltrimethylammonium bromide buffer (0.5% hex-
adecyltrimethylammonium bromide, 50 mM potassium phosphate [pH
6.0]). The samples were incubated in a water bath for 2 hours at 568C
and then centrifuged at 12,000 3 g for 10 minutes. The supernatant was
collected for assay of MPO activity by measuring the H2O2-dependent
oxidation of 3,39-dimethoxybenzidine dihydrochloride (l 5 460 nm).

Cytokine ELISA

ELISA were used to measure cytokines in BAL fluid or in cell culture
supernatants from PAM- or LPS-treated neutrophils, as previously
described (12, 14, 17). Levels of TNF-a and IL-6 were determined
using commercially available ELISA kits (R&D Systems), according to
the manufacturer’s instructions.

Real-Time RT-PCR

Total RNA was extracted using Trizol reagent (Sigma-Aldrich) accord-
ing to the manufacturer’s instructions. cDNA was synthesized using
Taqman reverse transcription reagents (Roche Diagnostics, Mannheim,
Germany). Real-time PCR was performed using a Lightcycler 480 SYBR
Green I Master system (Roche Diagnostics), as previously reported by
us (20, 21). The following primers (Roche Diagnostics) were used to
amplify the mouse TNF-a transcript: forward, 59- CCTCCCTCTCAT

Figure 2. Rapamycin inhibits
PAM- or LPS-induced mTORC1

activation. Bone marrow neutro-

phils were cultured with rapamy-

cin (0 or 30 nM) for 30 minutes,
followed by addition of PAM (0 or

1 mg/ml) or LPS (0 or 1 mg/ml) to

the cultures for 60 minutes. Cell
extracts were then subjected to

SDS-PAGE Western blot analysis

with antibodies specific for

total and phosphorylated rpS6
(Ser240/244), 4E-binding protein 1

(4E-BP1), and actin. Representa-

tive Western blots show inhibitory

effects of rapamycin on (A) PAM-
or (B) LPS-induced rpS6 phos-

phorylation, and the appearance

of shifted 4E-BP1 g isoform. Rep-
resentative Western blots are

shown, as well as densitometry

determinations (mean 6 SEM) of

phosphorylated rpS6 (Ser240/244)
from three independent experi-

ments. Mean 6 SEM, n 5 3,

**P , 0.01 compared to control,

or 1P , 0.05 compared to cells
treated with PAM or LPS.
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CAGTTCTA-39; and reverse, 59-CTTTGAGATCCATGCCG-39. The
mouse GAPDH transcript was used as an internal control (forward, 59-
TCACTGGCATGGCCTTCC- 39; reverse, 59-GGCGGCACGTCA
GATCC-39).

Statistical Analyses

For each experiment, neutrophils were isolated and pooled from
groups of mice (n 5 3–6), and all conditions were studied simulta-
neously. In studies examining LPS-induced ALI, each experimental
group consisted of at least six mice. One-way ANOVA, the Tukey-
Kramer multiple comparisons test (for multiple groups), or Student’s
t test (for comparisons between two groups) were used. A P value of
less than 0.05 was considered to be statistically significant.

RESULTS

TLR2 and TLR4 Engagement Induces Phosphorylation of the

mTORC1 Downstream Effectors, rpS6 and 4EBP1,

in Neutrophils

In macrophages, LPS stimulation induces S6K1 phosphoryla-
tion, showing that mTORC1 is activated after TLR4 engage-
ment (22). To examine whether TLR2 or TLR4 stimulation
activates mTORC1 signaling in neutrophils, we determined the
phosphorylation status of rpS6, a major downstream target of
mTORC1, after culture with PAM or LPS. As shown in Figure
1, exposure of bone marrow neutrophils to the TLR2 ligand,
PAM, or to the TLR4 ligand, LPS, increased the levels of
phosphorylated rpS6 (Ser240/244) in a dose- and time-dependent
manner.

To test the specificity of mTORC1-induced phosphorylation
of rpS6 in neutrophils after TLR2 or TLR4 engagement, we
included rapamycin, a specific inhibitor of mTORC1 (23, 24), in
the cultures. In these experiments, bone marrow neutrophils
were left untreated or preincubated with rapamycin, then were

stimulated or not with the TLR2 ligand, PAM, or the TLR4
ligand, LPS. The activity of mTORC1 was determined by
examining rpS6 (Ser240/244) phosphorylation status, as well as
shift of the 4E-BP1 a and b isoforms to the highly phosphor-
ylated g isoform (25).

The increase in rpS6 phosphorylation and shift of 4E-BP1a

and b isoforms to the g isoform were present in neutrophils
stimulated with either PAM or LPS, indicating activation of
mTORC1 by TLR2 or TLR4 engagement; these events were
inhibited by inclusion of rapamycin in the neutrophil cultures.
These results indicate that mTORC1 activation was responsible
for rpS6 phosphorylation and appearance of the higher molec-
ular weight form of 4E-BP1 after activation of neutrophils with
PAM or LPS (Figures 2A and 2B).

Rapamycin Decreases TLR2- and TLR4-Induced

Proinflammatory Cytokine Expression by Neutrophils

To determine the importance of mTOR in modulating TLR2-
or TLR4-induced neutrophil activation, we examined the
effects of rapamycin on the production of proinflammatory
cytokines after LPS or PAM stimulation. As shown in Figure 3,
the addition of rapamycin to neutrophil cultures resulted in
a dose-dependent decrease in production of TNF-a and IL-6 by
neutrophils stimulated with either PAM or LPS. In these
experiments, neutrophil viability was consistently greater than
95% after 5 hours of culture with all concentrations of
rapamycin, PAM, and LPS (data not shown).

Because of the involvement of mTORC1 in the regulation of
transcriptional and translational events (3–5), we examined if
rapamycin modified TNF-a mRNA levels in TLR2- or TLR4-
stimulated neutrophils. As shown in Figure 4, the addition of
rapamycin to neutrophil cultures resulted in a dose-dependent
decrease in TNF-a mRNA after TLR2 or TLR4 engagement.

Figure 3. Effects of rapamycin on TLR2- and
TLR4-induced proinflammatory cytokine produc-

tion by neutrophils. (A and B) Rapamycin inhibits

PAM (1 mg/ml)-mediated TNF-a and IL-6 pro-

duction by neutrophils. (C and D) Rapamycin
inhibits LPS (1 mg/ml)-mediated TNF-a and IL-6

production by neutrophils. Bone marrow neu-

trophils were cultured with the noted concen-

trations of rapamycin for 30 minutes, followed
by addition of 0 or 1 mg/ml PAM or LPS to the

cultures for 5 hours. TNF-a and IL-6 protein

concentrations in culture supernatants were de-
termined using ELISA (mean 6 SEM; n 5 3; *P ,

0.05 or **P , 0.01 compared with cells treated

with PAM or LPS, 11P , 0.01 compared to

control). Similar results were obtained from two
additional experiments using neutrophils from

separate groups of mice.
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Rapamycin Inhibits TLR2- and TLR4-Induced Phosphorylation

of Serine 276 on the NF-kB p65 Subunit

Because NF-kB plays a major role in regulating the transcrip-
tion of TNF-a and other proinflammatory cytokines, we exam-
ined the effect of rapamycin on major intracellular events that
regulate nuclear translocation and transcriptional activity of
NF-kB. In initial experiments, we determined if rapamycin
treatment affected the degradation of IkB-a that normally
occurs after TLR2 or TLR4 engagement. IkB-a plays a central
role in maintaining cytoplasmic sequestration of NF-kB. Acti-
vation of TLR2 or TLR4 signaling cascades leads to IkB-a
phosphorylation, ubiquitination, and proteasomal degradation,
which result in nuclear translocation of NF-kB (26, 27).

As shown in Figure 5A, rapamycin, in dose ranges that inhib-
ited the expression of TNF-a mRNA and protein, did not affect
PAM- and LPS-mediated IkB-a degradation. Given that IkB-a
degradation is not affected in rapamycin-exposed neutrophils,
we next investigated the effect of mTORC1 inhibition on LPS-
or PAM-induced nuclear translocation of NF-kB. As shown in
Figure 5B, rapamycin did not affect nuclear translocation of
NF-kB in neutrophils treated with either PAM or LPS.

Although TLR2- or TLR4-induced nuclear accumulation of
NF-kB is not modified in rapamycin-exposed neutrophils,
additional NF-kB phosphorylation events regulate its transcrip-
tional activity, and may be responsible for the inhibitory effects
of rapamycin on cytokine production. In particular, the tran-
scriptional activity of NF-kB is enhanced by phosphorylation of
Ser276 in the p65 subunit, and NF-kB Ser276 phosphorylation
status had no effects on nuclear translocation or binding to
DNA of NF-kB (28, 29). As shown in Figure 5C, rapamycin
prevented Ser276 phosphorylation of p65 in TLR2- or TLR4-
stimulated neutrophils.

Rapamycin Attenuates the Severity of TLR2- or

TLR4-Induced ALI

Intratracheal administration of PAM or LPS resulted in in-
creased phosphorylation of rpS6 in lung homogenates, consistent
with in vivo activation of mTORC1 (Figure 6A). Rapamycin
administration significantly prevented this effect (Figure 6B).

Given the ability of TLR2 or TLR4 engagement to activate
mTORC1 in vivo in the lungs, and the inhibitory effects of
rapamycin on proinflammatory cytokine production by TLR2- or
TLR4-stimulated neutrophils, we hypothesized that such therapy
would reduce the severity of ALI, an inflammatory process in
which neutrophils play a major role (16, 18, 30). As shown in
Figure 7, rapamycin-treated mice had less severe lung injury than
did mice given vehicle alone before LPS or PAM. In particular,

lung wet-to-dry ratios and pulmonary MPO concentrations were
significantly decreased after rapamycin administration (Figures
7A–7H). The inhibitory effects of rapamycin on LPS-induced
mTORC1 activation and cytokine expression were apparent as

Figure 4. Effects of rapamycin on TLR2- or TLR4-
induced alterations in TNF-a mRNA levels in neutrophils.

Rapamycin inhibited (A) PAM- or (B) LPS-mediated

increases in TNF-a mRNA levels. Bone marrow neutro-
phils were cultured with the noted concentrations of

rapamycin for 30 minutes, followed by addition of 0 or

1 mg/ml PAM or LPS to the cultures for 2 hours. TNF-a

mRNA concentrations in the cell extracts were deter-
mined using real-time PCR (mean 6 SEM; n 5 3; *P ,

0.05 or **P , 0.01 compared with cells treated with

PAM or LPS only, 11P , 0.01 compared to control).

Similar results were obtained from two additional experi-
ments using neutrophils from separate groups of mice.

Figure 5. Effects of rapamycin on TLR2- and TLR4-induced IkBa deg-
radation and NF-kB activation in neutrophils. (A) PAM- or LPS-induced

IkBa degradation was not inhibited by addition of rapamycin to the cell

cultures. Cell extracts were prepared from bone marrow neutrophils
incubated with rapamycin (0 or 30 nM) for 45 minutes, followed by

addition of 0 or 1 mg/ml PAM or LPS to the cultures for 60 minutes.

Representative Western blots are shown. Two additional experiments

using neutrophils from separate groups of mice provided similar results.
(B) PAM- or LPS-induced NF-kB nuclear translocation was not inhibited

by culture of neutrophils with rapamycin. Nuclear extracts were pre-

pared from bone marrow neutrophils incubated with rapamycin (0 or

30 nM) for 45 minutes, followed by addition of 0 or 1 mg/ml of PAM or
LPS to the cultures for 90 minutes. A representative electrophoretic

mobility shift assay is shown. A second experiment, using neutrophils

from a separate group of mice, provided similar results. (C) PAM- or LPS-
induced phosphorylation of Ser276 in the NF-kB p65 subunit is inhibited

by exposure to rapamycin. Cell extracts were prepared from bone marrow

neutrophils incubated with rapamycin (0 or 30 nM) for 45 minutes,

followed by addition of 0 or 1 mg/ml PAM or LPS to the cultures for
60 minutes. A representative Western blot is shown. Two additional

experiments with separate groups of mice provided similar results.
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early as 4 hours after LPS administration. As shown Figures 7I–
7K, treatment with rapamycin was associated with diminished
phosphorylation of 4E-BP1 as well as expression of TNF-a and
IL-6 in the lungs 4 hours after LPS administration. There were no
significant differences in pulmonary wet-to-dry ratios or MPO
concentrations between control mice given vehicle or rapamy-
cin alone, without LPS or PAM administration (data not
shown). Similarly, there were no apparent changes in behavior
and no significant alteration in the weight of mice after two
injections of rapamycin as compared with unmanipulated
mice. Plasma levels of IL-6 and TNF-a were less than 10 pg/
ml in mice that were unmanipulated, given vehicle 48 and 24
hours previously, or given rapamycin 48 and 24 hours pre-
viously (data not shown).

Neutrophil numbers in BAL fluid were significantly re-
duced in mice that received rapamycin before PAM or LPS
administration (Figures 8A and 8D). Levels of TNF-a and
IL-6 were also significantly decreased in BAL fluid from
rapamycin-treated mice (Figures 8B, 8C, 8E, and 8F).
Airway neutrophils that were isolated from BAL fluid of the
rapamycin-treated mice after LPS administration demon-
strated less phosphorylated rpS6 (Ser240/244) than that found
in the control group treated with saline before LPS exposure
(Figure 8G).

DISCUSSION

In the present studies, we investigated the potential role of
mTORC1 signaling on TLR2- and TLR4-induced proinflamma-
tory responses in neutrophils and ALI, an inflammatory process
in which neutrophils play an important role (16, 30, 31).
Rapamycin, a specific inhibitor of mTORC1, potently reduced
the production of proinflammatory cytokines in neutrophils as
well as the severity of ALI in vivo. The mechanism through
which mTORC1 decreased the activation of neutrophils ap-

pears to be through inhibiting phosphorylation of Ser276 within
the p65 subunit of NF-kB, an event required for optimal tran-
scriptional activity (28, 29).

Our results show that TLR2 and TLR4 stimulation of neu-
trophils results in significant increases in phosphorylation of rpS6
and 4EBP1, two downstream targets of mTORC1, demonstrating
activation of mTORC1 in this setting. These findings are consis-
tent with those of previous studies showing that LPS exposure
activated mTORC1 in macrophages (22), and that mTORC1
participates in modulating translation of IL-6 receptor mRNA in
platelet-activating factor–stimulated neutrophils (32).

In these experiments, we found that rapamycin exposure
reduced TNF-a and IL-6 production among TLR2- or TLR4-
activated neutrophils. The ability of TLR2 and TLR4 to enhance
TNF-a mRNA accumulation was also diminished by rapamycin
treatment, suggesting that rapamycin inhibited TLR2- and TLR4-
induced activation pathways upstream of protein translation.

The steps at which mTORC1 is involved in NF-kB activation
have not been completely delineated. Although previous studies
found that the antiinflammatory effects of rapamycin occur, at
least in part, by affecting the activity of NF-kB, there appear to
be several possible mechanisms for such actions. For example,
rapamycin has been reported to diminish TLR4-mediated IkB-
a degradation and nuclear localization of NF-kB in colon
cancer cells and hepatocytes (33, 34). Vinciguerra and col-
leagues (35) found that rapamycin diminished phosphorylation
of Ser276 in the NF-kB p65 subunit and, in addition, also blocked
nuclear localization of p65 in HepG2 cells stimulated with oleic
acid. However, in the studies demonstrating inhibition of
nuclear translocation of NF-kB by rapamycin, the concentra-
tions used, from 200 nM to 10 mM, are much higher than those
present in vivo after rapamycin administration (36, 37). In our
studies, exposure of neutrophils to rapamycin at lower concen-
trations that are similar to those found in vivo (30 nM) inhibited
proinflammatory cytokine production, but did not affect TLR2-

Figure 6. Effects of rapamycin on mTORC1 activa-

tion in PAM- or LPS-induced acute lung injury (ALI).
Mice were pretreated with saline or saline plus

rapamycin (5 mg/kg, intraperitoneal). After 24

hours, the mice received a second injection of

rapamycin or saline, followed by intratracheal ad-
ministration of either PAM (10 mg/kg) or LPS (1

mg/kg). The lungs were harvested 24 hours after

PAM or LPS administration. Whole-lung extracts
were subjected to SDS-PAGE Western blot analysis

with antibodies specific for total and phosphory-

lated rpS6 (Ser240/244) and actin. Representative

Western blots are shown. Densitometry determina-
tions are from three independent experiments

(mean 6 SEM; n 5 6 mice in each group; **P ,

0.01 compared with control).
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or TLR4-induced IkB-a degradation or nuclear translocation of
NF-kB. These findings are consistent with those from previous
studies showing that rapamycin in the nanomolar range (5 nM)
did not decrease NF-kB translocation in thrombin-activated
endothelial cells (38).

A potential mechanism for the proinflammatory effects of
mTORC1 activation is through enhancing phosphorylation of
the Ser276 residue in the NF-kB p65 subunit, an event that is
required for optimal transcriptional activity of NF-kB (28, 29).
In the present studies, we found that this phosphorylation event
is inhibited by rapamycin in TLR2- or TLR4-stimulated neu-
trophils. These results are consistent with those of reports that
Ser276 phosphorylation on p65, although necessary for tran-
scriptional activity of NF-kB, does not affect its nuclear trans-
location or DNA binding (28, 29). Previous studies have shown
that phosphorylation of serine 276 is critical for recruitment of
cofactor CREB binding protein (CBP) to nuclear NF-kB after
cellular stimulation, thereby enhancing transcription through
facilitating chromatin unwinding and remodeling (39, 40).
Mutation of serine 276 to alanine in p65 leads to embryonic
lethality, demonstrating the importance of this residue in
development (28). Embryonic fibroblasts containing the mu-
tated S276A p65 showed markedly diminished transcription of
a transfected NF-kB luciferase reporter in response to LPS, IL-
1, and TNF-a. In addition, LPS-induced expression of NF-kB

target genes was altered in S276A p65 embryonic fibroblasts as
compared with that found in wild-type cells. In particular,
mRNA levels for macrophage inhibitory protein (MIP)-2, TNF-
a, and IL-6 were markedly decreased in the LPS-stimulated
S276A p65 cells, whereas expression of IkB-a and Cox-2 was
unaffected by this mutation (28).

In previous studies, intraperitoneal injection of rapamycin at
a dose of 0.16 mg/mouse produced a whole-blood level of
approximately 60 ng/ml (66 nM) 24 hours after administration
(36). In the present in vivo studies, we administered a lower
dose of rapamycin (i.e., 5 mg/kg or z 0.125 mg/mouse). This
dose of rapamycin was sufficent to inhibit mTORC1 activity
24 hours later in PAM- or LPS-exposed mice. In humans, a single
dose of 5–20 mg/m2 body surface area of rapamycin resulted in
whole-blood concentrations 24 hours later of 8–30 ng/ml (i.e.,
8.75–32.00 nM) (37), consistent with the 0–30 nM dose range
that we used for in vitro experiments in neutrophils.

The present studies demonstrate that mTORC1 activation
contributes to the development and severity of TLR2- or TLR4-
induced ALI. Because pretreatment with rapamycin was used,
the potential clinical efficacy of mTORC1 inhibition in treating
established lung injury remains presently unknown, and will
need to be investigated in future studies. Nevertheless, these
experiments do suggest that inhibition of mTORC1 may be
useful in clinical settings, such as in the presence of severe sepsis

Figure 7. Rapamycin attenu-

ates PAM- or LPS-induced ALI
in vivo. Mice were pretreated

with saline or saline plus rapa-

mycin (5 mg/kg, intraperito-
neal). After 24 hours, the mice

received a second injection of

rapamycin or saline, followed

by intratracheal administration
of either PAM (10 mg/kg) or

LPS (1 mg/kg). Lungs were col-

lected 4 or 24 hours after PAM

or LPS administration. (A–D)
Effects of rapamycin treatment

on PAM-induced increases in

lung wet-to-dry ratios, lung
myeloperoxidase (MPO) levels,

and TNF-a and IL-6 levels in

whole-lung homogenates at

24 hours. (E–H) Effects of rapa-
mycin treatment on LPS-induced

increases in lung wet-to-dry ra-

tios, lung MPO levels, and TNF-

a and IL-6 levels in whole-lung
homogenate at 24 hours. (I–K)

Rapamycin treatment abrogates

LPS-induced 4E-BP1 g expres-

sion and diminishes TNF-a and
IL-6 levels in whole-lung homo-

genates at 4 hours after LPS

administration. (I) Whole-lung
extracts were subjected to SDS-

PAGE Western blot analysis with

antibodies specific for 4E-BP1

and actin. Means (6SEM) are
shown (n 5 6 mice per group;

*P , 0.05 when compared the

rapamycin/LPS or PAM group to

mice treated with saline/LPS or
PAM).
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accompanied by nonpulmonary organ dysfunction, where there
is increased risk of developing ALI (41, 42).

These studies provide new insights into the mechanisms by
which mTORC1 affects TLR2- or TLR4-induced neutrophil
activation, as well as the development of ALI. The findings suggest
that mTORC1 activation enhances expression of proinflammatory
mediators, and contributes to the development of lung injury by
inducing the phosphorylation of serine 276 in the p65 subunit of
NF-kB and enhancing the transcriptional activity of NF-kB.
Nevertheless, despite the evidence provided in this study that
mTORC1 inhibition decreases TLR2- and TLR4-dependent acti-
vation of neutrophils through modulating phosphorylation of NF-
kB, additional studies will be necessary to more completely
delineate the mechanisms through which mTORC1 activation
results in phosphorylation of serine 276 in the NF-kB p65 subunit,
and to determine if this is the primary pathway by which mTORC1
affects NF-kB transcriptional activity.
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