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Abstract

The mammalian target of rapamycin (mTOR) signaling pathway
has been studied in the context of an impressive number of
biological processes and disease states, including major diseases
of the lung such as idiopathic pulmonary fibrosis and chronic
obstructive pulmonary disease, as well as the rare condition
lymphangioleiomyomatosis. The involvement ofmTOR in somany
disease states (in and out of the lung) raises the question how one
signaling pathway can have overlapping but diverse roles seemingly
everywhere. Findings in the last decade have placed the mTOR
pathway in a new context as an important, conserved mediator of

the aging process. This offers one explanation for the pleiotropic
effects of mTOR: –that many chronic diseases are also diseases
of aging and that pathways modulating aging will have widespread
effects on associated disease. However, this may not be the
entire story, because mTOR is also implicated in a large number
of diseases not linked to aging. In this article, we discuss the current
state of knowledge regarding mTOR, especially in the context
of lung pathologies, and offer a potential explanation for
its widespread involvement in human disease.
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Rapamycin and related rapalogs have had
many lives since the 1960s, when rapamycin
was discovered from bacteria in a soil
sample from Easter Island (1). Originally
identified for their ability to kill eukaryotic
cells, they have been studied by many
pharmaceutical companies, evaluated in
hundreds of clinical trials across the
spectrum of diseases, and approved for use
in a (disappointingly) limited number of
disease indications. The limiting factor for
these compounds is often their toxicity,
which manifests as a range of side effects
that reduce dosing and/or lead to
discontinuation of use (2).

The mammalian target of rapamycin
(mTOR) has since been studied extensively
throughout the landscape of eukaryotic
species (a recent PubMed search of “mTOR”
revealed nearly 20,000 papers) (3–5).
Authors of several recent reviews described

the pathway in detail; in this article, we
provide only a brief overview. There are
two mTOR complexes (mTORC1 and
mTORC2) with overlapping and distinct
subunits, of which the mTORC1 complex
is the most understood. It is linked to a
myriad of cellular processes, serving as a
signaling node to integrate upstream
environmental sensors with downstream
outputs, balancing growth and proliferation
with stress resistance. Foremost among
the upstream signals are nutrients with
separate inputs from carbohydrates by
way of insulin–insulin-like growth factor
signaling and amino acids. Stress signals
include mitogen-activated protein kinase
signaling, hypoxia, activation of 59
adenosine monophosphate–activated
protein kinase, and others. In short, high
nutrient and low stress levels promote cell
growth and proliferation, whereas the

reverse situation stimulates stress resistance
pathways, of which autophagy is the most
studied. Other outputs downstream of
mTORC1 include mitochondrial function
and lipid metabolism, although the role
of mTORC1 in these cellular processes is
less understood. Importantly, mTORC1 has
overlapping but distinct cellular roles in
different cell types (4), which will be
elaborated below.

mTORC2 has an established role
(mostly elaborated in yeast) regulating the
cytoskeleton (6), but it is more studied
in mammalian cells as an effector of
insulin–insulin-like growth factor signaling (4).
Among its substrates are protein kinase
B/Akt and other signaling kinases, which
have been described in recent reviews. Of
note, mTORC2 can regulate mTORC1
through Akt phosphorylation, and
mTORC1 can negatively regulate
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mTORC2 through the activity of S6 kinase,
a substrate that in turn phosphorylates
insulin receptor substrate 1 (7, 8). In fact,
there are likely a number of mechanisms by
which the two complexes influence each
other’s activity.

mTOR in Disease and Aging

Rapalogs have been studied in the clinic for
central nervous system, immunology,
hematology, oncology, metabolic,
cardiovascular, and other indications.
The motivations underlying these
indications are often disease-specific, but
one cannot help but consider underlying
reasons why mTOR signaling could be so
widely implicated. A clue to the puzzle came
from studies several years ago indicating
that rapamycin could extend the lifespan of
mice, evenwhen administered late in life (9, 10).
More recent studies have identified
dosing regimens that result in up to 30%
lifespan extension (11) and also that the
drug can lead to lifespan extension even
when administered only for a 3-month
window starting around 20 months of
age (10, 12). If mechanistic aspects of the
aging process promote age-associated
chronic diseases, as current research
indicates, then a pathway linked to aging
is likely to influence a wide range of
diseases.

It is surprising that rapamycin can be
administered late in life and still extend
lifespan. One possible interpretation of this
finding is that the levels of mTORC1
signaling are important late in life but not
early. This is supported by evidence, still
controversial, that mTORC1 signaling
may be aberrantly upregulated during the
aging process (4). Current studies are
inconclusive, and it may be important to
consider that mTORC1 signaling is not
constant, but nutrient- and stress-
responsive. The complex can be in either an
induced state, for instance to activate adult
stem cells during tissue repair, or at a basal
level during normal tissue homeostasis. A
likely interpretation of the current data is
that the induced state may be unchanged
with aging, but the basal state may be
aberrantly high. Inflammatory signals are
known to activate mTORC1, and the
enhanced chronic inflammation (as well as
other signals) that accompanies aging may
lead to high basal mTORC1 activation, in
turn driving pathologic processes.

Although no comprehensive list
has been assembled, mTORC1 signaling
is hyperactivated in a wide range of
diseases, including many not directly
linked to aging. This suggests that chronic
activation of this pathwaymay be a common
response to cellular metabolic dysregulation.
Suppression of mTORC1 activation often
reduces disease pathology. For instance,
aberrant mTORC1 activation is observed
in muscular dystrophy and dilated
cardiomyopathy associated with
mutation of A-type lamins, and rapamycin
improves both cardiac and skeletal
muscle function in mouse disease
models (13, 14).

mTOR and Lung Diseases

mTOR has been studied in the context of
two of the major lung diseases, idiopathic
pulmonary fibrosis (IPF) and chronic
obstructive pulmonary disease (COPD),
with similar findings with regard to mTOR
activity. Researchers in several studies have
reported that basal levels of mTORC1 and
mTORC2 signaling are elevated in either
IPF fibroblasts or tissue biopsies (15–18).
A notable feature of IPF is the presence
of apoptosis-resistant lung fibroblasts. In
a recent study, investigators found that
normal aging promoted resistance to
apoptosis through chronic basal activation
of mTORC1 signaling and resultant
suppression of autophagy (18). Fibroblasts
from patients with IPF demonstrated a
further increase in mTORC1 signaling.
Either rapamycin or an active site mTOR
inhibitor (PP242) resulted in autophagy
activation and restored sensitivity to
apoptosis in fibroblasts from patients with
IPF. In vivo preclinical studies designed
to determine whether rapamycin affects
bleomycin-induced lung fibrosis have been
performed in rats and mice, with mixed
results. In rats, 1 month of rapamycin
treatment demonstrated significant
efficacy (19). In mice, however, rapamycin
enhanced disease pathology (20). One
notable difference is that rapamycin was
initiated prior to bleomycin treatment in
the rat study but after treatment in the
mice, suggesting that the benefits may
require prophylactic administration. One
clinical trial has been performed with
rapamycin, which worsened outcomes in
patients with IPF (21). Other studies have
been initiated, but it remains unclear

whether rapamycin (or other rapalogs) is a
viable candidate for IPF treatment.

A disease that dramatically increases
in prevalence with age, COPD has been
likened to accelerated aging of the lung (22).
It is associated with several hallmarks of
aging, including chronic inflammation,
cell senescence, reduced stem cell function,
and defective autophagy and mitochondrial
function. In addition, elevated reactive
oxygen species, derived from smoking, may
be a major factor that drives these age-
related changes. Moreover, preclinical
studies suggest that small molecules that
modulate aging pathways might be effective
in COPD (23). Consistently, mTOR
signaling is also elevated, with increased
oxidative stress as a likely driver (22). Given
that rapamycin affects several hallmarks of
aging and has a robust effect on lifespan,
it may be an interesting candidate for
treatment of COPD. In one mouse genetic
model of airway hyperactivity and
remodeling, rapamycin was found to
improve several parameters of lung
function (24). Moreover, in a study of
mononuclear cells from patients with
COPD, rapamycin restored sensitivity to
corticosteroids (25). Together, these
findings suggest that mTOR inhibitors (and
possibly other drugs that affect aging
pathways) should be strongly considered as
potential therapeutic approaches to COPD.

Another rare lung disease,
lymphangioleiomyomatosis (LAM), has
been linked to elevated mTOR signaling
(26). This condition, virtually exclusive to
women and often presenting in early
adulthood, is characterized by the
accumulation of lung cysts and the unusual
hyperproliferation of smooth muscle
cells throughout the lung. A major clue that
this disease was linked to mTOR was the
finding that many patients with LAM also
have tuberous sclerosis complex (TSC),
which is caused by mutations inactivating
TSC1 or TSC2, upstream repressors of
mTORC1 (27). However, not all patients
with LAM have TSC, and these cases are
referred to as sporadic. LAM is generally
fatal in the absence of lung transplant, but
the use of rapalogs to reduce mTORC1
signaling has emerged as a new therapeutic
approach. A number of clinical studies
have been performed, the foremost being a
double-blind, placebo-controlled study of
sirolimus that showed clear efficacy in
reducing the loss of FEV, a common
feature of LAM (28). Studies have been
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performed with other rapalogs, and it the
optimal drug and dosing strategy remains
unclear. Nevertheless, mTOR inhibition is
rapidly becoming a standard treatment in
patients with LAM (26).

Interestingly, patients with a variety
of diseases, including those with breast
cancer and renal cell carcinoma as well as
transplant recipients, treated with the
rapamycin or the rapamycin derivative
everolimus have an increased tendency
to develop noninfectious drug-induced
pneumonitis (29). These symptoms,
which occur in up to one-third of treated
patients depending upon the clinical
study, are usually mild, and only around
10% of patients require treatment.
However, more severe cases have been
noted. Mechanistically, little is known
about this adverse event, although it is
associated with macrophage infiltration and
T-cell–mediated inflammatory responses.
mTOR inhibition may increase production
of inflammatory cytokines (30). Another
histological study suggested that elevated
mTOR signaling in pneumocytes and
T cells may be associated with disease
in patients treated with rapalogs (31),
although studies on a wider range of mTOR
substrates need to be performed.

Overview

How does elevated basal mTOR signaling
contribute to pathology, and is it the same
in every context? On the basis of our
assessment of evidence from a wide variety
of laboratories and diseases, it seems
that the downstream effects of aberrant

mTOR signaling are likely to be
context-dependent, with the cell type,
other disease manifestations, and aging state
all serving as modifiers (Figure 1).
Therefore, elevated mTOR can mean
different things and can also be caused by
different cellular insults. To identify and
predict the efficacy of therapeutic strategies
targeting mTOR, it will be essential to
identify the specific upstream elements and
downstream consequences of elevated
mTOR in a specific disease state, or indeed
in aging.

Examining chronic diseases through
the lens of aging is relatively recent and
looks to be an effective strategy for
reexamining the causes of disease and
possible therapeutic approaches. In this
review, we have focused on the mTOR

pathway, but other aging pathways,
such as sirtuins and cellular senescence
(to name a couple), are linked to a wide
range of indications (32, 33). Stepping back,
aging itself is likely the result of at least a
handful of molecular causes, and individual
causes may be more relevant in specific
tissues and associated disease states.
Although extensive work remains to be
done to explore this hypothesis, the
promise is great, and therapeutic
approaches are already underway (34, 35).
We predict this will lead to novel
strategies that make chronic diseases of
aging increasingly preventable and
treatable. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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Figure 1. Mammalian target of rapamycin complex 1 (mTORC1), aging, and disease: a schematic
linking mTORC1 signaling to aging. Both aging and a variety of disease states drive elevated
mammalian target of rapamycin (mTOR) signaling, and this drives pathology in both contexts.
Complicating the issue, aging increases risk of disease independently of mTOR. Furthermore,
aberrant mTOR signaling does not explain the entire suite of pathologies associated with a
specific disease or normal aging. Finally, the type of pathology in a particular tissue likely relates to a
combined and interactive effect of the specific pathophysiology of a disease, the level of mTOR
elevation, and the age of the individual. Testing and understanding this model may yield unexpected
therapeutic avenues for the chronic diseases of aging.
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