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Introduction

The rapidly evolving progress in lymphangioleio-

myomatosis (LAM) research is an ongoing story of ex-
emplary patient advocacy, collaboration between private
organizations and government, outstanding scientists, and
good timing. LAM is a rare, slowly progressive disease
characterized by the proliferation of smooth muscle-like cells
and cystic lesions that gradually destroy the lungs. LAM also
produces lesions in the lymphatic tissues and is often ac-
companied by renal angiomyolipomas. It may occur sporad-
ically or it may be associated with tuberous sclerosis complex
(TSC). LAM affects mostly young and middle-aged women
and rarely affects men. In the mid 1990s, when the National
Heart, Lung, and Blood Institute (NHLBI) first began sup-
porting research on LAM, it was a disease of unknown origin
with no effective treatment other than lung transplantation.
Patients had no support network and were often being
managed with high doses of progesterone or oophorectomy
to abrogate the effect of estrogen. Since that time, establish-
ment of LAM patient advocacy and support groups, increased
support for research in LAM by the NHLBI, launching and
completion of a LAM patient registry, and development of a
LAM tissue bank have combined to result in substantial re-
search accomplishments and progress in both basic and clin-
ical LAM research.

The role played by NHLBI in LAM research illustrates
some of the unique features of the NIH in the American bio-
medical research enterprise. NHLBI’s intramural program
supported the first studies on this rare orphan disease, and
established essential infrastructure to facilitate research. Pa-
tient registries and tissue repositories were created and made
available to the scientific community. Patient advocates en-
sured that these resources were used and shared. Funding
opportunities enabled investigators to link tissues and clinical
data, rapidly advancing the cellular and molecular biologic
understanding of the disease. Support of these activities is
now more broadly supported, and the scientific opportunities
explored by an increasing number of investigators. NHLBI
looks forward to development of more effective therapies,
bringing industry and other partners into this exciting field of
science and medicine (Fig. 1).

Patient Advocacy

LAM patients and patient interest groups have been and
continue to be the vital core of the LAM research enterprise.
They have participated directly in the research effort, giving,
their time, blood, and tissues. LAM patients and advocates
have also formed strong support networks, raised funds, or-
ganized patient and scientific meetings, lobbied, educated,
served as advisors, and provided financial support for in-
vestigators, especially those at early stages of their careers.
This effort was sparked by the parent of a LAM patient, and a
tireless advocate who worked vigorously in the mid 1990s to
garner support for developing a LAM patient registry and
tissue bank. A ‘‘Labor of Love’’ campaign was launched that
engaged patients, women’s organizations, churches, schools,
educators, and doctors in efforts to boost recognition and
support for a registry. The timing was good for this type of
patient involvement, as the scientific community was ripe for
such a partnership following a decade of AIDS advocacy. The
research establishment had come to appreciate patients
working closely with investigators, having an active voice in
the management of their disease, and lobbying vigorously for
research and treatment.

The LAM Treatment Alliance was created in 2005 and is
accelerating LAM research by many means, including fund
raising, creating a seminar series for investigators, sponsoring
scientific meetings, awarding grants, and raising public
awareness. (LAM Treatment Alliance website http:==
lamtreatmentalliance.org=index.html). The Alliance has been
instrumental in aiding in the continued collection of tissue
and distribution of materials.

NHLBI and LAM Research

The LAM Registry

In 1995, the Division of Lung Diseases, NHLBI convened a
Lymphangioleiomyomatosis Working Group at the National
Jewish Center for Immunology and Respiratory Medicine in
Denver, Colorado to discuss what was known about LAM
and to make recommendations for future investigative work
that might be undertaken to determine the cause and appro-
priate therapy of LAM. They concluded that more data were
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needed on the natural history, pathogenesis, and prognostic
factors of LAM and that patient samples, both lung tissue and
blood, were needed for studying pathogenetic mechanisms
(National Heart, Lung, and Blood Institute Lymphangio-
myomatosis Working Group Report, 1995.) The Working
Group advised that a valuable registry should include mul-
tiple sites; have high quality data; protect participant privacy;
and link patient data should be to biospecimens.

In 1997, the NHLBI, with co-funding from the Office of
Research for Women’s Health, awarded a research grant to
the Cleveland Clinic Foundation with collaborating investi-
gators at six clinical sites to establish a Lymphangiomyoma-
tosis Registry. The NHLBI LAM Registry was modeled on the
Alpha-1-Antitrypsin and the Primary Pulmonary Hyperten-
sion registries. Between 1998 and 2001 the program enrolled
243 subjects with LAM. Underscoring the key role of patient
involvement in advancing the science of rare diseases, most
patient referrals came through the LAM Foundation. The goal
of the program was to learn more about the prevalence, dis-
tribution, and the clinical course of the disease, including ra-
diographic features, changes in pulmonary function, course
after lung transplantation and quality of life. Baseline char-
acteristics and data on lung transplantation in LAM patients
were published.1,2

The NHLBI Intramural Program

The Pulmonary Branch of NHLBI Division of Intramural
Research, under the leadership of Dr. Joel Moss, developed the
first research program focused on LAM.3,4 In September 1995,
an observational natural history study, the Disease Process of
LAM, was started. The intent of this study was to describe the
clinical course of the disease with the expectation that better
understanding would eventually elucidate the cellular and
molecular pathogenesis, ultimately leading to the development
of effective therapies. Data from this study and the large pa-
tient population followed at the NIH Clinical Center have
impacted the management of LAM patients. A study of the
decline of lung function in patients treated with progester-
one found no significant difference in decline of lung function
in progesterone-treated patients (n¼ 139) as compared to un-
treated patients (n¼ 136).5 The group described molecular
similarities between LAM and TSC.6 The TSC2 gene had been

cloned in 1993,7 the TSC1 gene was cloned in 1997,8 and basic
understanding of the biology of TSC was expanding rapidly.
The NHLBI Intramural group also delineated the nature of the
lymphatic manifestations9 and described biomarkers and
prognostic indicators.10,11 The NHLBI intramural laboratory
has provided data on dissemination of neoplastic cells and
gene expression in LAM, and in the relation of maximal oxy-
gen uptake to the severity of disease.11–13

The NHLBI Intramural Program follows several hundred
LAM patients, the largest patient population followed any-
where, and has information on 400 patients diagnosed with
LAM between 1998 and 2003. In 1999, the group published a
comprehensive evaluation of 35 patients with LAM.14 The
group conducted a phase II study of octreotiede between 2000
and 2008 for reducing lymphangioleiomyomas and=or chy-
lous effusions=ascites, peripheral lymphedema, and chyluria
in 14 symptomatic LAM patients. Currently, the intramural
pulmonary program is a participating site in the MILES trial
to test the effectiveness of sirolimus as a treatment for LAM.

Expansion of LAM tissue collection efforts

Progress in LAM research has depended on the availability
of tissue, especially lung tissue and tissue from renal angio-
myolipomas (AML). Many LAM research protocols involve
attempts to establish cell lines, which require a source of fresh
LAM tissue; others require fresh frozen tissue. Lung explants
at the time of lung transplantation have been the source of
most lung tissue. Fresh tissue must be collected immediately
after removal under sterile conditions and distributed the
same day. The NHLBI intramural laboratory has worked in
close collaboration with the LAM Foundation to identify pa-
tients scheduled for lung transplants to ensure that tissue
reaches qualified investigators.

The NHLBI LAM Registry collected and stored serum,
DNA, RNA, and LAM tissue in the NHLBI biorepository for
future research. As the program evolved, the LAM Registry
took over the collection and distribution of LAM tissue, which
required addressing privacy and consent issues.

In 2007, NHLBI began supporting the National Disease
Research Interchange (NDRI) to collect and distribute fresh
LAM tissue to qualified investigators and to manage and fill
requests for archived tissue. The LAM Treatment Alliance has
played a role in the continued collection of tissue and distri-
bution of materials when funding for the LAM Registry ended
in 2003. As of October 2008, NDRI had greatly facilitated ac-
cess to LAM tissue, procuring more than a thousand surgical
and postmortem samples and distributing over 900 tissue
samples to LAM investigators.

NHLBI Extramural Program Support for LAM Research

To stimulate basic research using cellular and molecular
approaches for studying the development and subsequent
progression of LAM, NHLBI issued a program announcement
in December, 1995, Cellular and Molecular Mechanisms of lym-
phangioleiomyomatosis (PA96-011). One of the grants funded in
response to this PA resulted in the discovery that mutations in
the tuberous sclerosis complex gene TSC2 are a cause of
sporadic pulmonary lymphangioleiomyomatosis.15,16 Sub-
sequent studies demonstrated that metastatic LAM cells are
the cause of recurrent lymphangiomyomatosis post lung
transplantation.17,18 The fact that LAM cells are capable of
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metastasizing has become a key concept for understanding
the pathogenesis of LAM as a cancer-like process.

A little more than 5 years after NHLBI first issued a
Funding Opportunity Announcement for LAM research, an
abundance of extramural research findings supported by the
Institute were clarifying the biology of the underlying disor-
der. Studies of the smooth muscle-like cells in the lesions of
LAM patients showed that tuberin, the protein produced by
theTSC2 gene, negatively regulates the activity of ribosomal
protein S6. In LAM cells, tuberin is defective and S6 is hy-
perphosphorylated. The LAM cells exhibit constitutive acti-
vation of p70 S6 kinase and dysregulated growth. Studies
reported that the growth of the cells could be regulated by the
introduction of wild-type tuberin or by addition of rapamycin
(sirolimus), an immunosuppressant drug that inhibits hy-
perphosphorylation of S6, p70S6K activation, and DNA syn-
thesis in LAM smooth muscle cells.19 This finding, which was
rapidly translated into animal and then human studies, forms
the basis of the use of sirolimus as an experimental treatment
for LAM and TSC.20–22

The work that led to the identification of sirolimus as a
possible treatment for LAM was partially supported by sev-
eral NHLBI asthma grants to investigate mechanisms regu-
lating airway smooth muscle. It also encompassed studies
supported by one of the LAM program announcement grants.
Importantly, many of the investigators involved in this work
had been encouraged to interact and were receiving seed
money from the LAM Foundation that enabled them to obtain
preliminary data.

LAM Investigator Meetings

NHLBI co-funded the first LAM scientific meeting orga-
nized by the LAM Foundation held in New York in 1999. Over
the years 2001–2008, NHLBI has provided funds for the an-
nual Lymphangioleiomyomatosis Research Conference, held
in Cincinnati. Co-funding from the NIH Office of Rare Dis-
eases Research has been available for some meetings. This
international annual meeting, sponsored by the LAM Foun-
dation, brings together basic and clinical scientists and
patients and their families. The meetings have been instru-
mental in bringing in scientists from a variety of disciplines
and advancing LAM research rapidly from bench to bedside.
A key part of the LAM meetings is that they provide a forum
for patient participation and patient interaction with LAM
investigators. (LAM foundation website http:==lam.uc.edu=
html=common.html)

Information on LAM for the public

The NHLBI developed a Fact Sheet on LAM for the public
in the mid 1990s. Since then, the Fact Sheet has been updated
and converted to the web-based Diseases Conditions Index
(DCI) located on the NHLBI Website. The most recent version
was revised in 2008.23

Future Directions and Perspective

Progress has been substantial, but much remains to
be done. During the last 15 years, much of the molecular
pathobiology of LAM and key findings such as the association
of LAM with TSC has been elucidated, LAM tissue is available
to qualified investigators, and clinical management has im-

proved. A treatment target was identified and this work was
rapidly translated into clinical studies. Research on the role of
estrogen in LAM and the pathways regulated by the TSC
genes has made it clear that multidrug regimens will be nee-
ded. This research is also yielding data on promising new
therapeutic targets. One barrier that has hampered the prog-
ress of LAM research is the lack of good animal models. A
new grant that has just been awarded by NHLBI will attempt
to a develop a mouse model of LAM to study the role of
estrogen and other hormones and the loss of TSC2 in the
genesis and survival of smooth muscle-like LAM cells in the
lung. LAM patients frequently have low-grade pulmonary
hypertension which increases on exercise and contributes to
their morbidity.24 Another new grant will use murine models
of pulmonary hypertension to investigate the mechanisms of
pulmonary hypertension and pulmonary vascular remodel-
ing, which remain undefined.

The story of LAM research provides a striking illustration
of the power that strong, effective patient advocacy, prudent
investment of federal research dollars, and active collabora-
tions between private organizations, the NIH, and the pul-
monary community can have to catalyze important progress
towards understanding rare and complex diseases such as
LAM. Effective strategies used to promote the role of patients
and patient interest groups in LAM research have been shared
with other patient organizations through the Patient Interest
Organization meetings fostered by the NHLBI and through
the Patient Advisory Roundtable of the American Thoracic
Society. We look forward to continuing these efforts and
partnerships as we work toward the common goal of dis-
covering effective and safe treatments and new approaches to
prevent LAM.
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