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Abstract
Lymphangioleiomyomatosis (LAM) is a rare, multisystem disease affecting primarily
premenopausal women. The disease is characterized by cystic lung disease, at times leading to
respiratory compromise, abdominal tumors (in particular, renal angiomyolipomas), and
involvement of the axial lymphatics (e.g., adenopathy, lymphangioleiomyomas). Disease results
from the proliferation of neoplastic cells (LAM cells), which, in many cases, have a smooth
muscle cell phenotype, express melanoma antigens, and have mutations in one of the tuberous
sclerosis complex genes (TSC1 or TSC2). In the lung, LAM cells found in the vicinity of cysts
are, at times, localized in nodules and may be responsible for cyst formation through the
production of proteases. Lymphatic channels, expressing characteristic lymphatic endothelial cell
markers, are found within the LAM lung nodules. LAM cells may also be localized within the
walls of the axial lymphatics, and, in some cases, penetrate the wall and proliferate in the
surrounding adipose tissue. Consistent with extensive lymphatic involvement in LAM, the serum
concentration of VEGF-D, a lymphangiogenic factor, is higher in LAM patients than in healthy
volunteers.
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Introduction
Lymphangioleiomyomatosis (LAM), a rare multisystem disorder primarily affecting
premenopausal women, is characterized by cystic lung destruction, abdominal tumors, in
particular, renal angiomyolipomas (AMLs), and involvement of the thoracic and abdominal
axial lymphatics (e.g., adenopathy, lymphangioleiomyomas).1-7 Initial clinical presentation
consists of symptoms resulting from lung, kidney, or lymphatic involvement. Disease
progression is variable. The course may be insidious: 5 or 6 years may elapse between
appearance of symptoms and diagnosis.5,8 Delayed diagnosis of this rare disease may
account for the poor prognosis seen in earlier studies; recent reports indicate a 78% survival
in 8.5 years or 90% in 10 years.5,9
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Cystic lung destruction appears to be responsible for the progressive decline in pulmonary
function, which can lead to respiratory failure, dependence on supplemental oxygen, lung
transplantation, or death.8 Pulmonary signs and symptoms include dyspnea, reactive airways
disease, and recurrent pneumothoraces. Pulmonary function abnormalities include airflow
obstruction (decreased FEV1) and reduced diffusion capacity (DLco).1,4,10 High-resolution
computed tomography (HRCT) scans reveal thin-walled cysts homogeneously distributed in
both lungs and interspersed with normal parenchyma (Figs. 1A and B).1,4,5 Ventilation/
perfusion scans are consistent with air-trapping in the cystic areas.4,11

The hallmark histologic characteristic of LAM is the presence of abnormal-appearing,
smooth muscle-like LAM cells.12 LAM lesions in both pulmonary and extrapulmonary sites
consist of LAM cells, in some cases localized in nodules, with slit-like lymphatic
channels.12,13 In the lung, LAM cells are seen in nodular clusters near the vasculature,
lymphatics, and bronchioles, and appear to be present in the walls of the cystic lesions;
LAM nodules may be responsible for the thin-walled cystic lesions seen on HRCT
scans.1,4,12 LAM cells in lung nodules are morphologically heterogeneous, with both
spindle-shaped and epithelioid-like cells observed within the nodule.12 The LAM
nodulesappear to be covered by hyperplastic type II cells.14 Spindle-shaped cells are
immunoreactive for proliferating cell nuclear antigen, an indicator of mitotic activity and
proliferation; the large epithelioid cells are immunoreactive with HMB45, a monoclonal
antibody that recognizes gp100, a premelanosomal protein.12,15 LAM cells, in particular,
those with an epithelioid appearance, express progesterone and estrogen receptors,
consistent with evidence that hormonal factors may play an important role in disease
pathogenesis.16,17 The LAM nodules may also be regulated by the renalangiotensin and
insulin-like growth factor systems.18,19

Extracellular matrix is a structural and functional part of the pulmonary parenchyma.20

Matrix metalloproteinases (MMPs), a group of Zn2+-dependent endopeptidases, and their
regulators, the tissue inhibitors of metalloproteinases (TIMPs), are primary effectors of
extracellular matrix turnover and remodeling.21 LAM lung lesions are immunoreactive for
MMPs-1, 2, 9, and 14, and show decreased expression of TIMP-3, an inhibitor of some
MMPs.12,22-25 An imbalance in the MMP/TIMP ratio caused by the release of MMPs from
LAM cells may, in part, result in degradation of the extracellular matrix and thus result in
the cystic changes in the LAM lung parenchyma.12,22,23

One-third of women with tuberous sclerosis complex (TSC), an autosomal dominant
disorder with variable penetrance, characterized by neurologic (tubers, astrocytomas), renal
(AMLs), and dermatologic (facial angiofibroma) manifestations and mutations in the TSC1
or TSC2 tumor suppressor genes, have cystic lung lesions seen on HR CT scans.26-28 LAM
cells from the kidney (AMLs), lung, and lymph nodes of patients with sporadic LAM (no
evidence of germline TSC mutations) may possess identical TSC2 mutations and/or loss of
heterozygosity for the allele.29-31 TSC2 mutations result in activation of the guanine
nucleotide-binding protein Rheb, and its downstream target, mammalian target of rapamycin
(mTOR), leading to increases in cell size and cell number.32-34 These studies are consistent
with the conclusion that the TSC genes are involved in the susceptibility to LAM.

Extrapulmonary manifestations, which occur in more than 70% of patients with LAM,
include AMLs, lymphadenopathy, lymphangioleiomyomas, chylous ascites, and pleural
effusions.6,8,12,13 AMLs are benign hamartomatous lesions, with abnormal, heterogenous
smooth muscle-like cells similar to those in pulmonary and other extrapulmonary LAM
lesions. Unlike these other LAM lesions, AMLs may be associated with adipose tissue and
underdeveloped thick-walled blood vessels12,13,35-38 (Fig. 2). The adipose tissues and blood
vessels may possess TSC gene mutations.39
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Patients with LAM frequently present with pulmonary symptoms, but initial symptoms may
originate from extrapulmonary LAM lesions.12,13,40,41 Roentgenographic appearance of
diffusely distributed pulmonary cysts, coupled with CT evidence of extrathoracic disease
(e.g., AMLs, lymphatic involvement, chylous effusions), and/or manifestations of are
sufficient for a diagnosis of pulmonary LAM. If these extrapulmonary manifestations of
disease are not evident, a lung biopsy may be necessary to confirm the diagnosis.4,8,37,42

Improved understanding of prognostic indicators would facilitate selection of subjects for
clinical trials and, perhaps, provide new insight into the etiology of LAM. To this end,
Matsui et al. correlated histopathologic features and predictors of survival by developing a
grading system, the LAM histologic score (LHS), based on a review of surgical biopsy
specimens of lung from 105 LAM patients.43 Scores based on the percentage of lung tissue
involved with both cystic lesions and areas of proliferation in the lung tissue sample, were:
LHS-1 <25% lung involvement, LHS-2=25-50% involvement, and LHS-3 >50%
involvement. LHS-3 was correlated with poor prognosis and more rapid progression to lung
transplantation or death. In an analysis of pulmonary function tests data from 143 LAM
patients, Taveira-DaSilva et al. concluded that DLco correlated with the LHS and could also,
potentially, be a predictor of survival or time to lung transplantation.10

Avila et al. proposed a grading system using HRCT lung scans of LAM patients.11 Lungs
were divided into three equal zones for assessment of the extent of cystic involvement of
parenchyma: grade 0 = none, grade 1 <30%, grade 2=30%-60%, grade 3 >60% judged
abnormal. In 39 LAM patients, comparison of these grades with pulmonary function tests
data revealed an inverse correlation between CT grade and both FEV1 and DLco.11 In
another study of 80 patients with LAM, a correlation was observed between severity of lung
disease, assessed by HRCT scans (CT grade), and the presence of enlarged abdominal
lymph nodes.44

There is no effective treatment for preventing the progression of pulmonary LAM.
Hormonal manipulations were, in the past, a frequent choice of treatment, but no study has
confirmed their efficacy.5,8,45 One serious complication of extrapulmonary LAM is AML
hemorrhage.46 The initial symptom is abdominal pain, with hematuria, and shock caused by
blood loss. Treatment may involve embolization of the artery responsible for the bleeding or
surgical resection of the tumor.46 There is no effective treatment for
lymphangioleiomyomas. Chylothorax, an accumulation of lymph or chyle in the pleural
space, is a complication, which occurs in fewer than 20% of LAM patients.1,4,5,47

Depending on the size and clinical effects of the effusion, thoracentesis, pleurodesis, parietal
pleurectomy, and thoracic duct ligation are possible options.47 Pneumothorax can be treated
by thoracostomy, but because of its frequent recurrence, pleurodesis may be necessary, even
though the procedure may complicate subsequent lung transplantation.48 Evidence of pleural
repair may be seen on HRCT after pleurodesis.49 The presence of pleurodesis has variable
influence on the correlation of quantitative thin-section CT with pulmonary function tests.50

The occurrence of pneumothoraces may have genetic and morphologic determinants.51

There is genetic evidence that cells in the recurrent LAM lesions in transplanted lungs
originate in the recipient.52,53 These observations are consistent with a model of metastatic
disease in which cells move from AML, lymphatics, or a presently unknown site of origin,
into the lung. Isolation of LAM cells from blood and other body fluids (e.g., urine, chylous
pleural effusions, ascites) is additional support for the metastatic model.54
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Lymphatic Studies in LAM
Extrapulmonary LAM

Lymphatic involvement in LAM, which may include the posterior mediastinum, and upper
retroperitoneal, or pelvic regions, appears to be related to the distribution of lymphatic
vessels.4,13,40,41 Lymphan-gioleiomyomas on CT scans are well-circumscribed lesions of
variable dimensions that are seen as thick- or thin-walled lobulated masses with a central
fluid-rich region (Figs. 3A and B). These lesions are most frequently found in the
retroperitoneal and mediastinal regions.13,44,55 Abdominal lymphangioleiomyomas, formed
from a collection of chyle in lymphatic vessels, when overdistended, can rupture or leak,
thus leading to chylous ascites.13,44 Enlarged lymph nodes appear round or oval and are
most often found in the retroperitoneal area.4,40,44 They have also been observed in the
mediastinum and pelvic regions, and are commonly associated with other extrapulmonary
lesions.44,56,57 Unlike pulmonary LAM cells, most extrapulmonary lymphatic LAM cells
are found in lymph nodes along the lymphatic vessels of the mediastinum and
retroperitoneum, where they form fascicles and papillary patterns, rather than nodules, and
have been reported to extend beyond the connective tissue capsule of the
lymphatics.4,12,13,40,41 Mutations in the TSC genes have been observed in lymphatic LAM
cells and in the constituent tissues of the AMLs.29,39

With the exception of AMLs, the different manifestations of extrapulmonary LAM appear to
arise from a common pathology. Proliferating LAM cellsappear to compress or obstruct
lymphatic vessels, leading to obstruction of the flow of chyle, and the observed
lymphangioleiomyomas or dilatation of lymphatic vessels seen on abdominal CT scans of
patients with LAM.13,44,58 Biopsies of involved lymph nodes, with characteristic
adenopathy, reveal replacement of normal components by LAM cells.45

In two separate studies, lymphangioleiomyomas in retroperitoneal, pelvic, thoracic, and/or
cervical regions were found to have a diurnal variation in size in patients with LAM.
Patients underwent CT or sonogram examinations in the morning and afternoon of the same
day. The studies showed that the lesions in 12/13 patients and 12/21 patients, respectively,
exhibited an increase between morning and afternoon.59,60 The median percent changes in
volume were 140% and 38%, respectively.59,60 Diurnal variation may be due to the greater
lymph flow resulting from food intake and exercise, and/or the effect of gravity on lymph
flow. Lymphangioleiomyomas, viewed by CT or sonography, are sometimes difficult to
distinguish from neoplasms such as lymphoma or sarcoma. Documentation of diurnal
variation may aid in diagnosis and obviate the need for biopsy.

Lymphatic Involvement in TSC
Hamartomas in patients with TSC are most frequently found in the skin, brain (tubers,
subependymal lesions), kidneys (AMLs), and heart (rhabdomyomas).61 Angiogenesis in
subependymal giant cell astrocytoma and AML lesions has been demonstrated by
immunoreactivity with anti-CD31 antibody.62 In agreement, AMLs have been shown to
produce VEGF in vitro.62

Lymphatic involvement (thoracic duct dilation, chylous pleural effusion, ascites, and
lymphangioleiomyomas) is less common in patients with TSC/LAM than in those with
sporadic LAM.63 Patients with TSC develop multiple different types of skin lesions,
including facial angiofibromas, forehead plaques, and ungual fibromas. The papules and
plaques are typically pink to red, and contain accumulated collagen plus increased numbers
of ectatic vessels in the dermis.64 Sections of TSC skin tumors have been studied using
immunohistochemical markers for angiogenesis. Skin tumor lesions (angiofibromas) of TSC
patients express VEGF.65 Many dilated tubular structures are blood vessels that contain
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immunoreactive CD31 or CD34.62,66 Not all of the endothelial-lined spaces in
angiofibromas and periungual fibromas react with anti-CD34 antibodies (Figs. 4A and B).
The vessels in TSC skin tumors have not been closely examined, and although blood vessels
are often assumed to be present, some reports mentioned increased numbers of lymphatic as
well as blood vessels.67,68 These data are consistent with the presence of dilated lymphatic
vessels, since anti-CD34 antibodies do not react with lymphatic endothelial cells in skin.69

Histopathologic Studies of LAM Cells and Lymphatics in LAM
Genetic and pathologic evidence suggests a metastatic potential for LAM cells.
Angiogenesis and lymphangiogenesis have been postulated as mediators of metastatic
spread and tumor growth by providing new vessels for the invading tumor cells.70,71 The
role of angiogenesis in tumor spread is well documented, but research regarding
lymphangiogenesis in tumor progression presents a new avenue of approach and has been
facilitated by the identification of specific lymphatic endothelial cell markers, such as
LYVE-1 (transports hyaluronan by lymphatic endothelial cells to lymph), podoplanin
(marker for lymphatic endothelial cells), VEGF-R3 (growth factor receptor for ligands
VEGF-C and VEGF-D), and PROX-1 (transcription factor required for lymphatic vessel
growth).70

Lymphatic studies in LAM focus on defining the role of lymphangiogenesis and
angiogenesis in the dissemination of LAM cells. Among three recent LAM studies that
focus on lymphatic involvement, the first used immunohistochemistry to analyze 21 samples
of LAM tissue (lung, lymph nodes, uterus, ovary) obtained from autopsy or lung explants.72

Angiogenesis and lymphangiogenesis were evaluated, respectively, with antibodies against
CD31, a vascular endothelial cell marker and VEGFR-3 (Flt-4), a specific lymphatic
endothelial cell marker. LAM lesions exhibited minimal cellular reactive CD31, but were
reactive with anti-VEGFR-3 (Flt-4) antibodies in both pulmonary and extrapulmonary tissue
samples of the lung, lymph nodes (cervical, axillary, supraclavicular, mediastinal,
retroperitoneal, and mesenteric regions), uterus and ovary. The slit-like spaces surrounding
and infiltrating LAM cell foci and nodules were identified in this way as lymphatic tracts.
Lymphatic endothelial cells, immunoreactive with Flt-4 antibodies, were observed in
retroperitoneal and mediastinal lymph nodes to surround LAM cell foci, which were formed
in bundle-like structures. LAM cell clusters (LCCs), or LAM cell nests covered by
lymphatic endothelial clusters appeared to be fragments of LAM foci and were observed in
lymphatic vessels, some near lymph nodes, indicating a region of potential interaction of
LAM cells and lymphatic endothelial clusters. Lymphangiogenesis was given a
semiquantitative assessment based on the extent of each lesion occupied by lymphatic
endothelial cells.72

In the same study, LAM tissue was analyzed immunohistochemically for VEGF-C as a
potential mediator of lymphangiogenesis. Diffuse immunoreactivity with antibodies against
VEGF-C and with monoclonal antibody HMB45 was observed in the cytoplasm of
pulmonary and extrapulmonary LAM tissue, including lung samples from biopsy and
explanted lung, as well as lymph nodes, uterus, and lung cells in primary cultures.
Relationships between the intensity of VEGF-C immunostaining in lung tissue, the extent of
lymphangiogenesis in lung lesions (as reflected by estimates of relative amounts of Flt-4
immunostaining), and the LHS score developed by Matsui et al.43 were evaluated. A
statistically significant correlation between greater lymphatic involvement and higher
VEGF-C content was demonstrated, and both were associated with worse prognosis and
time to lung transplantation as expressed by LHS.72 The results of this study would support
a lymphangiogenic model for the progression of LAM, in which VEGF-C produced by
LAM cells enhances lymphangiogenesis via the VEGFR-3 receptor.
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Immunologic examination of chylous fluid and retroperitoneal lymphangioleiomyoma
samples from six patients with LAM, and examination of tissue from five autopsy cases that
included samples of the thoracic duct, and left jugular subclavian angle, and cervical,
axillary, supraclavicular, mediastinal, retroperitoneal, and mesenteric region lymph nodes
were employed to assess the presence of LAM cells in lymphatic structures containing chyle
and to evaluate a potential route for LAM cell entry into the lymphatic system.73 LAM cells,
immunoreactive with both HMB45 and anti-α-SMA (smooth muscle actin) antibodies, were
observed, in all cases, as clusters covered by lymphatic endothelial clusters in chylous
effusions and within lymphatic vessels, and were also detected floating in the extralymphatic
spaces. The clusters showed an outer layer of lymphatic endothelial cells containing
immunoreactive VEGFR-3. In addition, in the lymphangioleiomyoma sample, LAM cell
lesions appeared as LAM cell clusters surrounded by lymphatic endothelial clusters.
Retrospective examination of the autopsy samples confirmed the involvement of LAM cells
extending along the axial lymphatics, including the region of thoracic duct drainage into the
venous circulation (left jugular and subclavian junction). LAM cell-positive lymph nodes
were most frequently identified in the retroperitoneal region. After LCCs were incubated in
vitro on collagen-coated slides for several days, clusters were no longer visible, but two
types of cells were seen, spindle-shaped LAM cells (containing immunoreactive α-SMA)
and lymphatic endothelial cells (immunopositive for VEGFR-3).73

Based on the results of these two studies, a model for the dissemination of AM cells was
formulated in which lymphatic endothelial cells lining lymphatic channels in LAM cell
nodules, cystic lesions, and lymph nodes eventually envelop LAM cells, and the resulting
clusters may be shed into the lymphatic circulation or extrapulmonary space. In the
lymphatic channels, interaction of the lymphatic endothelial cells on the cluster and the
lymphatic endothelial cells lining lymphatic vessels, initiate fragmentation, separating LCCs
into LAM cells and lymphatic endothelial cells. LAM cells are able then to invade the
extracellular matrix, which is degraded by LAM cell-derived MMPs with facilitation by
downregulation of TIMPs. LAM cell invasion and proliferation results in the formation of a
new LAM lesion.73

In the most recent report of LAM-associated lymphangiogenesis, it was proposed that since
the pathogenesis and progression of LAM (evaluated by LHS) is associated with extent of
lymphatic involvement, serum levels of lymphatic growth factors might be elevated, and
correlated with clinical characteristics of LAM.74 Such a growth factor could be considered
a biological marker for lymphangiogenesis and disease severity. Serum levels of VEGF-A,
an angiogenic factor, and VEGF-C and VEGF-D, described lymphangiogenic factors, in 44
patients with LAM were quantified by serum enzyme-linked immunosorbent assay. Serum
concentrations of VEGF-A in patients with LAM were similar to those of the control group,
whereas the levels of VEGF-C were significantly lower in LAM than in control groups.
Serum VEGF-D was, however, significantly higher in patients with LAM than in controls.
There was a significant negative correlation between serum levels of VEGF-D and
pulmonary function as measured by FEV1/FVC (forced expiratory volume in 1 second/
forced vital capacity) or percent predicted DLco/VA (diffusing capacity for carbon
monoxide/alveolar volume).

A subset of LAM patients was divided into those who had been given hormonal treatment
and those who had not.74 The group of patients who had undergone hormone therapy had
more restricted air flow (lower FEV1 percent predicted, FEV1/FVC), lower diffusing
capacity (percent predicted lower DLco/VA), and higher serum VEGF-D concentration than
those patients with no history of recent hormone therapy. This study established an
association between serum levels of VEGF-D, a lymphangiogenic growth factor, and
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clinical characteristics of patients with LAM, suggesting that VEGF-D could be a marker for
disease severity.

Conclusion and Future Directions
Extensive association of lymphangiogenesis was found with pulmonary and extrapulmonary
lesions in LAM. The production of VEGF-C and VEGF-D by pulmonary and
extrapulmonary LAM lesions might reflect LAM cell-induction of lymphangiogenesis
through VEGFR-3 signaling. The interesting observation of LCCs covered with lymphatic
endothelial cells located in lymphatic vessels suggests a potential mechanism for a
lymphangiogenesis-driven metastatic process. In vitro evidence of LCC fragmentation
suggests a mechanism whereby LAM cells have the potential to interact with the
extracellular matrix to form new lesions and to reach the vascular circulation via the thoracic
duct. Future studies may reveal histopathologic evidence of anatomic connections between
blood and lymphatic vessels in LAM lesions.

Findings from the first two reports, based on immunohistochemical evidence of protein
expression, implicated the growth factor VEGF-C as a driving force for LAM-directed
lymphangiogenesis.72,73 In contrast, on the basis of serum levels of VEGF growth factors in
the latest study, VEGF-D appears much more likely to be a biomarker that correlates with
lymphangiogenesis and disease progression.74 Protein expression studies and studies
correlating clinical phenotypes to serum levels of VEGF-D and VEGF-C would help to
define more clearly the differential roles of VEGF-C and VEGF-D in LAM. The study of
lymphangiogenesis and LAM presents a promising avenue to elucidate a model for
dissemination of LAM cells.
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FIGURE 1.
Lung CT scan of a patient with LAM (A) showing numerous thin-walled cysts (*)
distributed through-out otherwise normal-appearing lungs. (B) CT scan of a patient with
severe LAM; the lung parenchyma is almost completely replaced by very small cysts.
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FIGURE 2.
Abdominal CT scan of a patient with LAM showing a very large angiomyolipoma (AML,
outlined area) completely involving the retroperitoneal area, resulting in anterior
displacement of the aorta (A).
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FIGURE 3.
Chest CT scan of a patient with LAM (A) showing a large lymphangioleiomyoma (L,
outlined area) involving the pre-tracheal and left lung hilar area, and an abdominal CT scan
(B) of a patient with LAM showing a very large lymphangioleiomyoma (L, outlined area)
located in the retroperitoneal area surrounding the aorta and inferior vena cava. SVC,
superior vena cava; IVC, inferior vena cava; A, aorta.
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FIGURE 4.
Lymphangiogenesis in TSC skin lesions. Sections of angiofibromas (A) and periungual
fibromas (B) were stained for CD34, a marker for blood vessel endothelial cells. Vessels
negative for CD34 (*), presumed to be lymphatic vessels, are interspersed with blood
vessels positive for CD34 (darkly stained endothelial cells). Original magnification ×400.
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