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Abstract

Acute lung injury (ALI) is characterized by pulmonary
inflammation and edema. Innate immune cells (e.g., neutrophils
and macrophages) are major contributors to inflammation in
ALI. Less is known regarding the role of T cells. We examined
the effects of rapamycin on inflammation in a LPS-induced
murine model of ALI. Rapamycin was administered before and
after initiation of injury. Inflammatory parameters, including
bronchoalveolar lavage cell counts, T cell surface markers
(i.e., cytotoxic T lymphocyte antigen 4 [CTLA4] and fork head-
winged helix transcription factor [Foxp3]), T cell activation
(CD69), IL-6, and IL-10 were analyzed. Rapamycin significantly
decreased inflammatory parameters and decreased Foxp3,
CTLA4, and CD69 in CD41 T cells. Rapamycin administration

before or after the onset of lung injury, as well as systemically or
by pulmonary routes, ameliorates inflammation in ALI.
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Clinical Relevance

These studies examined the effects of rapamycin on
inflammation in a LPS-induced murine model of acute lung
injury (ALI). Rapamycin administration before or after onset
of ALI, as well as systemically or by pulmonary routes,
ameliorates inflammation in ALI. These findings have the
potential to affect future therapeutics for ALI.

Acute lung injury (ALI) is a major
cause of severe respiratory failure. The
pathogenesis of ALI remains ill defined,
and the treatment of ALI remains largely
supportive (1, 2). In the acute phase,
there is evidence of interstitial and alveolar
edema with accumulation of neutrophils
and macrophages in the alveoli (3–5).
Innate immune cells (e.g., neutrophils)
contribute to the disruption of the alveolar–
capillary barrier and accumulation of
protein-rich edema. Less is known
regarding the role of adaptive immune
cells (e.g., T cells) in ALI. We previously
showed that T cell pathways involving
cytotoxic T lymphocyte antigen 4 (CTLA4)
may modulate inflammation in ALI (6).

Rapamycin is an immunosuppressant
that inhibits mammalian target of
rapamycin (mTOR) and T cell activation
and differentiation (7, 8). Rapamycin
administration prevents allograft rejection
(9), has entered clinical trials as an
anticancer agent (10), and improves
lymphangioleiomyomatosis, a progressive
cystic lung disease (11). In a model of ALI,
rapamycin reduced neutrophil activation
(12). To test the impact of rapamycin on
T cell activation in ALI, we analyzed
a murine model of ALI induced by LPS,
a component of the cell wall of gram-
negative bacteria. We focused on the
impact of rapamycin on T cell–associated
molecules, including CTLA4 and fork

head-winged helix transcription factor
(Foxp3).

Materials and Methods

Mice
Female Balb/c mice (8–10 wk old)
were purchased from Harlan Breeders
(Indianapolis, IN). The mice were
maintained according to the guidelines of
the University of California, San Diego
Animal Care Program and University of
Illinois Animal Care Committee.

Materials
LPS from Escherichia coli 055:B5, purified
by gel-filtration chromatography, was
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purchased from Sigma-Aldrich (St. Louis,
MO). Rapamycin was purchased from Eton
Bioscience Inc. (San Diego, CA).

Cells Proliferation
Murine spleen cells from Balb/c mice were
grown in RPMI 1640 medium with 10%
heat-inactivated FBS. Proliferation (2 3 105

cells per well) was determined using
a colorimetric immunoassay based on the
measurement of BrdU incorporation
during DNA synthesis (Roche Diagnostics,
Indianapolis, IN). Forty-eight hours after
stimulation, cells were pulsed with BrdU
solution, denatured with FixDenat solution,
and incubated with mouse anti-BrdU mAbs
conjugated to peroxidase. After the Ab
conjugate was removed, substrate solution
was added for 20 minutes. The absorbance
was measured at 370 nm using an ELISA
plate reader.

Immunoblotting
FACS-sorted cells (described below) were
stimulated with LPS (10 mg/ml) and
concanavalin A (1 mg/ml) in the presence
or absence of rapamycin (50 nM) for 48
hours. Cells were homogenized and lysed in
mammalian cellytic lysis buffer (Sigma-
Aldrich) containing phosphatase inhibitors
(10 mM sodium pyrophosphate, 20 mM
b-glycero-glycerophosphate, 100 mM NaF,
5 mM indoleacetic acid, 20 nM okadaic
acid) and a protease inhibitor cocktail
(Roche Applied Science, Mannheim,
Germany). Solubilized proteins were
collected by centrifugation and quantified
using a protein assay reagent (Bio-Rad,
Hercules, CA). Equal amounts of protein
of each sample were resolved by SDS gel
electrophoresis using a 4 to 15% gradient
gel from Bio-Rad and transferred to
polyvinylidenedifluoride membranes
(Bio-Rad). Immunoblotting was performed
using anti-S6K, anti–phospho-p70 S6 kinase
(Thr389) (p-S6K), anti–phospho-Akt
(Ser473) (p-S473) (Cell Signaling), Akt (pan)
(C67E7) Rabbit mAb (panAKT), antitubulin
(Sigma-Aldrich), or anti-rabbit or anti-
mouse immunoglobulin HRP antibodies.

Murine Model of ALI
Balb/c mice were anesthetized with
isoflurane (Minrad, Bethlehem, PA). The
tongue was gently extended, and the tip
of an otoscope was introduced to reach
the trachea. LPS (100 mg) in 50 ml PBS was
administered intratracheally through the
otoscope as described elsewhere (6).

Rapamycin or vehicle (PBS) was
administered as described in the figure
legends. Mice were harvested at 48 hours
after LPS exposure.

Bronchoalveolar Lavage Harvest
and Cell Count
Bronchoalveolar lavage (BAL) fluid was
obtained by cannulating the trachea and
lavaging the lungs three times with 1 ml PBS
containing 0.6 mM EDTA. BAL fluid cells
were pelleted, and the supernatant was
stored at 2808C until use. BAL fluid cells
were counted using a hemocytometer
and resuspended in RPMI 1640 (5 3
105 cells/ml). Slides for differential cell
counts were prepared with Cytospin
(Thermo Scientific, Waltham, MA) and
fixed and stained with Diff-Quick (Imeb,
San Marcos, CA). For each sample, an
investigator blinded to the treatment
groups performed two counts of 100 cells.

Cytokines and Lung Homogenates
Levels of BAL IL-6 were measured by
a multiplexed immunoassay (Invitrogen,
Carlsbad, CA). Mean fluorescence intensity
was measured by Luminex 100 total system
(Luminex, Austin, TX). After the BAL
procedure, the lungs were perfused with
saline, isolated, and incubated at 378C for 60
minutes in a digestion mixture consisting of
collagenase from Clostridium histolyticum,
type IV (1 mg/ml) (Sigma-Aldrich) and
DNase I from bovine pancreas (0.5 mg/ml)
(Sigma-Aldrich). Cell suspensions were
obtained by passing the homogenate
through a 70-mm nylon Falcon cell strainer
(BD Biosciences, San Jose, CA) to remove
pieces of tissue and debris. After lysis of
erythrocytes with ammonium chloride
potassium bicarbonate lysing buffer, cell
pellets were resuspended and washed in
RPMI 1640 medium.

Flow Cytometric Analysis
Spleen cells or lung homogenates were
resuspended in staining buffer (PBS
containing 2% FBS and 0.05% sodium
azide). After incubating for 30 minutes at
48C with anti-mouse CD3 (PECy7) and
CD4 (FITC) Abs or their respective
immunoglobulin isotypes (eBioscience,
San Diego, CA), samples were washed
twice with staining buffer and fixed by
Fixation/Permeabilization solution
(eBioscience). Intracellular staining with
anti-mouse CTLA4 (PE) and Foxp3 (APC)
Abs was performed. Samples were run on

a BD FACSCalibur flow cytometry
system (BD Biosciences). Data were
analyzed on FlowJo v8 software (Tree Star,
Ashland, OR).

Spleen cells were filtered using 70-mM
filters, and T cells were labeled with anti-
CD4 and anti-CD25 fluorophore antibodies
(eBioscience). CD4 was labeled with
FITC, and CD25 was labeled with PE
(eBioscience). FITC-labeled CD41CD252

and PE-labeled CD41CD251 cells were
sorted by flow cytometry and gated to sort
for the CD41CD251 high population. Cells
were stimulated with concanavalin A
(1 mg/ml) and LPS (10 mg/ml) in the
presence and absence of rapamycin
(50 nM) for 48 hours.

Statistical Analysis
Data are expressed as means 6 SEM. All
parameters were evaluated with the two-
tailed unpaired Student t test or compared
by one-way ANOVA, followed by the
Bonferroni test. A P value , 0.05 was
considered significant.

Results

Rapamycin Modifies
CTLA4 Expression
Rapamycin has been shown to decrease
adaptive immune responses, but the impact
on innate pathways is less well defined.
We previously showed that adaptive
stimulation increases CTLA4 expression that
is modified by rapamycin (13). Here we
find that innate stimulation increases
CTLA4 expression in CD41 T cells, which
is significantly decreased by rapamycin
administration (Figure 1A). Innate stimulation
also significantly increases Foxp3 expression in
Foxp31 CD41 cells, whereas rapamycin
decreases Foxp3 expression (Figure 1B).

Rapamycin Decreases Innate
Induced Inflammatory Responses
We next examined the impact of
rapamycin on innate induced lymphocyte
proliferation and cytokine production
(Figure 2). Innate stimuli increases cell
proliferation in a dose-dependent manner
(1–100 mg/ml) (Figure 2 and not shown)
as well as IL-6 and IL-10 production,
responses that are decreased by rapamycin
(Figures 2A–2C).

We next focused on the Akt–mTORC1
pathway, a target for rapamycin that is
known to facilitate innate immune
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responses in ALI (14). We analyzed
potential differences between CD41CD251

cells (FACS-sorted, express CTLA4)
and CD41CD252 cells. FACS-sorted
CD41CD251 high and CD41CD252

cells were treated with innate stimuli in the
presence or absence of rapamycin and
analyzed for protein levels by Western blot
(Figure 3). CD41CD251 cells exhibit
higher phosphorylation of S6K and Akt

compared with CD41CD252 cells. Also,
the ratio of p-S6K to total S6K and p-S473
to total Akt is higher in CD41CD251

compared with CD41CD252 cells by
densitometry analysis (not shown).

Rapamycin Decreases Innate
Induced Inflammatory Responses
In Vivo
We tested the effect of rapamycin in vivo in
a murine model of innate LPS-induced ALI.
The LPS model of ALI is characterized by
increased neutrophil infiltration and IL-6
secretion in the BAL (Figures 4A and 4B).
Administration of rapamycin by a
systemic route before LPS exposure
(intraperitoneally) significantly decreases
pulmonary inflammatory responses
(Figures 4A and 4B). We also assessed
the impact of timing of rapamycin
administration in ALI. Rapamycin
administration after LPS exposure also
significantly decreases BAL IL-6, a marker
of pulmonary inflammation (Figure 4B).
Rapamycin significantly decreases
pulmonary inflammation whether
administered by systemic or local
pulmonary (intratracheal) routes.

Rapamycin Decreases CTLA4
Expression Induced by Innate
Stimuli In Vivo
We have previously shown that CTLA4
modulates pulmonary inflammation in ALI
(6). LPS induces CTLA4 expression, and
we tested whether rapamycin would
affect LPS-induced CTLA4 expression in
ALI. Flow cytometry analyses indicate
that expression of CTLA4 and CD69
(a T cell activation marker) and Foxp3
in pulmonary CD41 T cells is significantly
increased by innate stimuli in vivo (Figures
5A–5C). Rapamycin administration
in vivo decreases these T cell markers.
We next tested the impact of systemic
and local pulmonary administration of
rapamycin after LPS exposure on CTLA4
expression. Both routes of rapamycin
administration significantly decrease CTLA4
expression and Foxp31 T cells (Figures 6A
and 6B).

Discussion

We analyzed the effect of rapamycin on
T cell activation induced in vitro and
in vivo. Rapamycin is a specific inhibitor
of mTOR, a serine/threonine kinase that

Figure 1. Rapamycin decreases T cell markers. Spleen cells from Balb/c mice were harvested
and stimulated with LPS (10 mg/ml) and concanavalin A (ConA; 1 mg/ml) for 48 hours. Within
30 minutes of stimulation, rapamycin (Rapa; 10 mg/ml) was added. Expression levels of cytotoxic
T lymphocyte antigen 4 (CTLA4) (A) and the ratio of Foxp31 cells (B) in the CD41 T cell population
were measured by flow cytometry. Data are shown as mean 6 SEM (n = 3 per group). *P , 0.05
versus medium (Med). **P , 0.05 versus LPS 1 ConA.

Figure 2. Rapamycin decreases LPS-induced proliferation and cytokine production. Spleen cells
from Balb/c mice were harvested and stimulated with LPS (2.5 mg/ml). Rapamycin (Rapa; 100 mg/ml)
or vehicle (PBS) was added 24 hours after LPS stimulation. After 48 hours, cell proliferation was
measured by BrdU assay (A). Supernatant was collected at 48 hours, and IL-6 (B) and IL-10 (C) were
measured by a multiplex assay. Data are shown as mean 6 SEM (n = 3 per group). *P , 0.05 versus
medium (Med). **P , 0.05 versus vehicle.
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regulates protein production essential for
cellular proliferation (15). A critical role
for mTOR in regulating immune
responses is emerging. T cell activation
requires at least two signals: signal 1 and

costimulatory signals. Signal 1 refers to
antigen recognition through the T cell
receptor. The activation of T cells is
dictated by the net sum of costimulatory
signals, such as CD28, PD-1, and CTLA4

(13, 16, 17). mTOR may act to integrate
costimulatory signals, which in turn direct
the outcome of T cell differentiation and
activation.

The PI3K/Akt/mTOR pathway
regulates cellular functions, including cell
growth, proliferation, differentiation, and
survival. The Akt-mTORC1 pathway
mediates ALI via increased chemotaxis and
proliferation of innate immune cells (14).
The Akt–mTORC1 pathway also inhibits
T regulatory cell differentiation and
proliferation (18). The CD41CD251 high
cell population (with higher levels of
CTLA4 than the CD41CD252 cells)
exhibits higher Akt and mTORC1 activity
as assessed by increased phosphorylation
of Akt and S6K, the direct target of
mTORC1. CD41CD251 cells exhibit
higher activation than the CD41CD252

cells. This higher activation may afford
better survival and proliferation of
CD41CD251 cells with or without
rapamycin.

We tested whether the
T cell–associated molecules CTLA4 and
Foxp3 are modulated by rapamycin.
CTLA4 is a structural homolog of CD28
and binds the same ligands, CD80
and CD86. CTLA4 is mainly expressed
in intracellular recycling vesicles and
is transported to the cell surface
upon T cell activation (19). CTLA4
signals result in T cell unresponsiveness,
whereas CD28 is constitutively
expressed on the surface of resting
T cells and promotes T cell activation
(20). Foxp3 is a transcription factor
that has been shown to regulate
immunomodulatory functions in
immune cells. In this study, rapamycin
decreases LPS-induced CTLA4 and
Foxp3 expression in CD41 T cells as
well as lymphocyte proliferation and
cytokine production. These data
suggest that rapamycin may suppress
innate-induced cell activation via
T cell–modulating pathways that include
CTLA4 and FoxP3.

Rapamycin also decreases innate-
induced inflammation in vivo. Our
results indicate that rapamycin decreases
LPS-induced CD69 expression. Because
CD69 is a marker for T cell activation,
this suggests that rapamycin may
decrease inflammation by suppressing
T cell activation. Prior studies analyzing
different models indicate that rapamycin
suppresses T cell activation and

Figure 3. Analysis of Akt and mTORC1 activity in sorted CD41CD251 cells. Spleen cells from Balb/c
mice were harvested, stimulated, and FACS sorted for CD41CD251 and CD41CD252 cells, and
protein was subjected to Western blotting as described in MATERIALS AND METHODS.

Figure 4. Rapamycin decreases LPS-induced pulmonary inflammation. LPS or PBS was
administered intratracheally to Balb/c mice. Rapamycin (Rapa; 100 mg) or vehicle (PBS) was
administered intraperitoneally 3 hours before LPS exposure (A). Bronchoalveolar lavage (BAL) fluid
was collected 48 hours after LPS exposure. BAL cell counts were determined by differential staining.
Data are shown as mean 6 SEM (n = 3 per group). *P , 0.05 versus PBS group. **P , 0.05 versus
vehicle group. Rapamycin (Rapa; 100 mg) or vehicle (PBS) was administered by systemic
(intraperitoneal [i.p.]) or local intratracheal (i.t.) routes 3 hours after LPS exposure (B). BAL fluid was
collected 48 hours after LPS exposure. IL-6 in BAL was determined by a multiplex assay. Data are
shown as mean6 SEM (n = 3 per group). *P, 0.05 versus PBS group. **P, 0.05 versus vehicle i.p.
group. †P , 0.05 vehicle i.t. group.
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modulates the balance of T effector
cells and T regulatory cells (15, 18,
21–23).

Prior literature suggests that
Foxp3 and CTLA4 exert primarily
immunosuppressive effects. Recent work

suggests that Foxp3 or CTLA4, under the
appropriate timing and conditions, may
contribute to a proinflammatory effect.
In a prior study, we found that interfering
with CTLA4 (by administration of an anti-
CTLA4 antibody) did not result in the

expected finding of increased inflammation
but rather decreased pulmonary
inflammation in a model of ALI (6).
Another study found that anti-CTLA4
can improve or worsen sepsis depending
on the timing of the model and
administration (24).

The concept that Foxp3 may exert
proinflammatory effects has recently been
proposed. Sharma and colleagues (25)
identified a new population of Foxp31

T regulatory cells that are converted to
a proinflammatory subtype due to lost
expression of the transcription factor Eos.
Also, a subset of Foxp31 cells that are
CD1611 has been shown to be capable of
producing proinflammatory cytokines (26).
In contrast, IL-17, a cytokine presumed
to be proinflammatory, may exert
protective effects (27). When IL-17 exerts
proinflammatory effects, T regulatory
cells (Foxp31 and/or CTLA41) may exert
anti-inflammatory effects to maintain an
immune balance. We speculate that,
depending on the timing, when IL-17
exerts protective effects, Foxp31 and/or
CTLA41 cells may regulate immune
balance by exerting proinflammatory
effects.

Taken together, these studies are
consistent with our finding that,
depending on the timing and conditions,
Foxp3 and CTLA4, classically defined as
immunosuppressive, may be decreased
in parallel with decreased inflammation.
We also underscore that prior analyses
of Foxp3 and CTLA4 predominantly
examined adaptive, antigen-dependent
responses, whereas our studies focus
on innate, non–antigen-dependent
responses. We evaluate LPS
administration in vivo modulating
Foxp3 and CTLA4 expression. The use
of innate, rather than adaptive, stimuli
may contribute to our unexpected finding
of decreased Foxp3 and CTLA4 in
parallel with decreased inflammation
after rapamycin administration. Also,
prior analyses of Foxp3 and CTLA4
have not analyzed cells from the lung
or BAL. Whether tissue type in addition
to innate versus adaptive stimuli and
timing or ratio of effector to suppressor
cells affects Foxp3 or CTLA4 expression
merits further investigation.

Whether before or after LPS
administration, rapamycin decreases lung
inflammation. Also, both systemic and
local administration of rapamycin

Figure 5. Rapamycin decreases LPS-induced T cell–associated markers. LPS or PBS was
administered intratracheally to Balb/c mice. Rapamycin (Rapa; 100 mg) or vehicle (PBS) was
administered intraperitoneally 3 hours before LPS exposure. Lungs were isolated 48 hours after LPS
exposure. Expression levels (mean fluorescence intensity) of CTLA4 (A) and CD69 (B) and ratio of
Foxp31 cells (C) in the CD41 T cell population in lung cells were determined by flow cytometry. Data
are shown as mean6 SEM (n = 3 per group). *P, 0.05 versus PBS group. **P, 0.05 versus vehicle
group.

Figure 6. Rapamycin diminishes T cell markers by systemic and local routes. LPS or PBS was
administered intratracheally to Balb/c mice. Rapamycin (Rapa; 100 mg) or vehicle (PBS) was
administered intraperitoneally or intratracheally 3 hours after LPS exposure. Lungs were isolated 48
hours after LPS exposure. Expression levels (mean fluorescence intensity) of CTLA4 (A) and the ratio
of Foxp31 cells (B) in the CD41 T cell population in lung cells were determined by flow cytometry.
Data are shown as mean 6 SEM (n = 3 per group). *P , 0.05 versus PBS group. **P , 0.05 versus
vehicle i.p. group. †P , 0.05 versus vehicle i.t. group.
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decreases BAL IL-6, a proinflammatory
mediator that coordinates acute-phase
responses. Thus, rapamycin influences
adaptive pathways in LPS-induced
inflammation in vivo by decreasing
expression of T cell–related molecules.

Prior studies indicate rapamycin’s
immunosuppressive effects in
transplantation and drug eluting stents.
These studies indicate that rapamycin
may decrease pulmonary inflammation
in ALI by influencing T cell pathways. n
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