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Abstract

Lymphangioleiomyomatosis (LAM), a rare multisystem disease, occurs primarily in women, with cystic de-
struction of the lungs, abdominal tumors, and involvement of the axial lymphatics in the thorax and abdomen.
To understand the pathogenesis of LAM, we initiated a longitudinal study of patients with LAM; over 500
patients have been enrolled. LAM results from the proliferation of a neoplastic cell (LAM cell), which has
mutations in the fuberous sclerosis complex (TSC) genes, TSC1 or TSC2. Consistent with their metastatic behavior,
LAM cells were isolated from blood, urine, and chylous effusions. Surface proteins on LAM cells include those
found on metastatic cells and those involved in cell migration. In the lung, LAM cells are found clustered in
nodules, which appear in the walls of the cysts, and in the interstitium. LAM lung nodules are traversed by slit-
like vascular structures, with lining cells showing reactivity with antibodies against components of lymphatic
endothelial cells. The axial lymphatics appear to be infiltrated by LAM cells, which may result in obstruction and
formation of chyle-filled lymphangioleiomyomas. LAM cell clusters have been isolated from chylous pleural
effusions, and it is hypothesized that these clusters may be responsible for metastatic spread of LAM cells via
lymphatic vessels. Consistent with a lymphangiogenic process, levels of VEGF-D, a lymphangiogenic factor,
were higher in sera of patients with LAM and lymphatic involvement (i.e., lymphangioleiomyoma, adenopathy)
than in healthy volunteers or LAM patients with cystic disease limited to the lung. These findings are consistent
with an important function for lymphangiogenesis in LAM.

Introduction include chylous pleural effusions, chylous ascites, and ab-
dominal hemorrhage originating from angiomyolipomas.'™

YMPHANGIOLEIOMYOMATOSIS (LAM), A DiseasE oOF Cystic lung destruction may result in progressive decline in

WOMEN, primarily of child-bearing age, is characterized
by cystic lung destruction, abdominal tumors [e.g., angio-
myolipomas (AMLs)], and involvement of axial lymphatics
with lymphangioleiomyomas or adenopathy.' The majority
of patients present with dyspnea, or spontaneous pneumo-
thorax.'™ As these manifestations are shared by more com-
mon lung diseases, the diagnosis of LAM is often delayed by
several years from the onset of symptoms. Because of this
delay, survival rates are difficult to establish, but generally are
accepted as ranging from 79%-91% at 10 years from the onset
of symptoms.>® Progressive dyspnea may be associated with
airway hyperreactivity and hemoptysis. Other symptoms

lung function, leading to respiratory failure, oxygen depen-
dency, or lung transplantation.” Abnormal pulmonary func-
tion in LAM includes airflow obstruction, reflected by a
decline in expiratory flow (FEV;) and decreased lung diffu-
sion capacity for carbon monoxide (DLco).">”® Ventilation-
perfusion scintigrams show evidence of air-trapping.’
Cardiopulmonary exercise testing and 6-minute walk test
may reveal arterial desaturation.'”!" Because LAM is almost
exclusively a disease of women, therapy for the disease has
been based on suppression of estrogen activity (e.g., proges-
terone, oophorectomy), but the effectiveness of these treat-
ments is unproven.
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Genetic Factors and Susceptibility

Lung cysts similar to those found in LAM are observed on
computed tomography (CT) scans of approximately 30% of
women with tuberous sclerosis complex (TSC),"*™" an in-
herited autosomal disorder characterized by hamartomatous
lesions, seizures, and mental retardation,'® caused by muta-
tions in the TSC1 or TSC2 suppressor genes.'” Proteins en-
coded by TSC1/2 (hamartin and tuberin, respectively) form a
complex, which functions as a negative regulator of mam-
malian target of rapamycin (mTOR)."® mTOR regulates cell
size and number via downstream signaling of p70 S6 and 4E-
BP1."*2° Loss of TSC function results in activation of the
mTOR pathway via the guanine nucleotide-binding protein,
Rheb," suggesting that rapamycin treatment could affect
LAM progression. A Phase II rapamycin clinical trial for pa-
tients with AMLs (CAST trial) showed a 50% decline in the
size of angiomyolipomas and improvement of lung function
in some patients. A second trial, testing the effect of rapa-
mycin on lung function in a larger cohort, is now in progress
(MILES trial).?*?

Sporadic LAM results from the proliferation of the LAM
cell, a neoplastic cell having mutations in the TSC1 or TSC2
genes.”?*** AMLs, lung and lymphatic lesions are composed
of LAM cells, which appear to be of clonal origin.** A germline
TSC mutation has not been reported in patients with LAM,
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however, genetic analysis of sporadic LAM cells revealed
mutations in the TSC genes.”>*> Angiomyolipomas (Fig. 1F)
occur more frequently in patients with LAM/TSC than spo-
radic LAM (80% and 40%, respec’cively).26 These tumors,
usually located in the kidney, are characterized by underde-
veloped vasculature and LAM cells intermixed with adipose
tissue.2”30 Though AMLs are benign tumors, hemorrhage,
especially of larger AMLs, is a serious complication. Treat-
ment is based on the size and progression of the tumor and
includes monitoring of asymptomatic tumors, and, in case of
hemorrhage, arterial embolization or surgery.*!

Natural History

The National Heart, Lung and Blood Institute (NHLBI)
initiated a LAM natural history study (protocol 95-H-0186) to
facilitate research and treatment efforts. More than 500 pa-
tients with LAM or LAM/TSC from the United States, Ca-
nada, Europe, and Southeast Asia are enrolled in the
longitudinal study. Approximately 250 patients have re-
turned for five or more visits.®

Predictors of Prognosis and Survival

Pathological, radiologic, and physiological studies gener-
ated useful data for assessing the severity of disease, its rate of

FIG. 1. Computer tomography scans of four patients with LAM. (A) shows numerous, relatively large, thin-walled cysts
replacing the normal lungs. Arrow points to the wall of a cyst. (B) shows innumerous small thin-walled cysts distributed
throughout the lungs replacing the normal lung parenchyma. (C) shows a large abdominal lymphangioleiomyoma (marked
by the asterisk) surrounding the iliac vessels. (D) shows the same tumor surrounding the aorta (A) and inferior vena cava
(IVC). (E) shows that lymphangioleiomyomas may appear as fluid-filled cystic structures (box and arrow). (F) shows large
angiomyolipomas involving the right (inside box) and left kidneys. The normal kidney anatomy is distorted, making the

kidney parenchyma almost completely unrecognizable.
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progression, and survival of patients with LAM. From mi-
croscopic analysis of open lung biopsy specimens, Matsui
et al.** developed the LAM Histologic Score (LHS) which is
based on the percentage of lung tissue involved by cystic le-
sions and infiltration of LAM cells, with a grading scale of
LHS-1, <25%, LHS-2 25%-50%, and LHS-3 > 50% involve-
ment. Using Kaplan-Meier analysis, there was a correlation
between LHS and survival among patients with LAM (higher
LHS associated with worse survival probability and time to
transplantation).’® Data from the NHLBI longitudinal study,
showed that DLco correlated with the LHS better than FEV;,
making it a potential predictor of outcome. In addition, DLco
was the best predictor of exercise-induced hypoxemia.'” A
positive bronchodilator response was found to be associated
with a predominance of LAM cell proliferation and a greater
rate of decline in FEV,.5%

Because the impairment in pulmonary function in some
patients with LAM appears to be related to airflow obstruc-
tion, and in others predominantly due to gas exchange ab-
normalities, cardiopulmonary exercise testing (CPET) was
studied as an alternative method for grading severity of dis-
ease.'’ A correlation was observed between peak oxygen
uptake (Vo2 max), CT scan grade of severity, and LHS.10

Similar to the LHS grading system, Avila et al,’ proposed
assessing lung disease severity with computed tomography
by semiquantitatively estimating the percentage of lung
judged to be abnormal; CT grade I <30%, CT grade II 30%—
60%, and CT grade III > 60%. Disease severity, based on CT
grade, correlated with FEV; DLco, and Vo, a0

Histopathology

CT scans of the chest demonstrated thin-walled cysts spread
bilaterally throughout the lung parenchyma'? (Figs. 1A and
1B). Histological examination of lungs revealed abnormal
smooth muscle-like LAM cells in the vicinity of vasculature,
lymphatics, and bronchioles and in the lining of Cys’cs,27 often
forming nodules with slit-like lymphatic channels® (Fig. 2A).
Hyperplastic Type II pneumocytes line the cystic spaces and
can also be found in alveoli not affected by LAM* (Fig. 2A).
Extrapulmonary LAM cells form fascicles and papillary pat-
terns that are commonly found in lymph nodes along lym-
phatic vessels.”® Extrapulmonary and pulmonary LAM cells
express both smooth muscle and melanoma antigens (alpha-
smooth muscle actin and gplOO).27’28 The morphologically
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heterogeneous LAM cells are either small and spindle-shaped,
located inside the LAM nodule and reactive with antibodies
against proliferating nuclear antigen (PCNA) or peripherally
located large epithelioid cells, which react with HMB-45, a
monoclonal antibody that reacts with the premelanosomal
protein gplOO.35 Receptors for estrogen, progesterone, and
growth factors have been identified in LAM cells.**>®

Association of Modifier Genes and Biomarkers
with Disease Severity and Progression

In the search for an effective treatment for LAM, studies
focused on the discovery of modifier genes and biomarkers
that are associated with diverse pathological, physiological,
and radiographic characteristics of the disease. Further in-
vestigation of mechanisms through which candidate genes
function in signal transduction, innate immunity, or extra-
cellular matrix biological processes may illuminate the mo-
lecular basis of disease progression and severity and identify
therapeutic targets.

Pathological, as well as genetic, evidence suggests that
LAM cells possess metastatic properties. Mutations in the
allograft of single lung transplants with recurrent LAM were
found to be identical to mutations in the recipient before
’cramsplantations.39’40 TSC loss of heterozygosity (LOH) has
been observed in circulating LAM cells isolated from chyle,
blood, and urine*! and CD44v6, a metastatic cell surface re-
ceptor protein, was found in LAM cells that showed LOH for
TSC2.** In addition to the expression in LAM tissue of a
specific group of chemokine receptors, CCL2 (MCP-1) has an
in vitro chemotactic effect on LAM cells with TSC2 LOH, cells
lacking TSC function produce greater amounts of MCP-1,*
and a polymorphism in the promoter region of the gene is
associated with decline in lung function.**

Matrix metalloproteinases (MMPs) are zinc-dependent
endopeptidases which, in conjunction with tissue inhibitors of
metalloproteinases (TIMPs), regulate turnover and remodel-
ing of the extracellular matrix.*> Reactivity with antibodies
against MMP-1, -2, -9, and -14 was demonstrated in LAM
lesions, as was decreased expression of TIMP-3.24¢* The
resulting unbalanced production of MMPs by LAM cells may,
in part, lead to the formation of cysts in the lung parenchy-
ma.”’*¢* Similarly, polymorphisms in MMP-1 and Types I
and III collagen may contribute to susceptibility to pneumo-
thorax in patients with LAM.”

FIG.2. Lymphatics involvement in lymphangioleimyomatosis. (A) shows a hematoxylin and eosin (H & E) staining of LAM
nodule that is characterized by proliferating smooth muscle-like cells (asterix, LAM cells) surrounded by type II pneumocytes
(arrow). (B) shows close view of a LAM nodule; the arrowhead indicates the lymphatic-like structures. (C) shows reactivity of
lymphatic nodules with anti D2-40 antibody, which recognizes an epitope of podoplanin (arrow) (Pacheco-Rodriguez et al.

2007).
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Lymphatic Involvement in LAM

The presence of lymphangioleiomyomas and adenopathy,
the clinical manifestations of chylous ascites and chylothorax
in patients with LAM, and the metastatic behavior of LAM
cells support the notion that lymphatics are important in de-
termining the clinical phenotype of LAM.

Lymphangioleiomyomas and adenopathy occur most of-
ten in the retroperitoneal region. Adenopathy is found in
about 39% of patients with sporadic LAM. CT scans revealed
lymph nodes as large as 4.0 cm in diameter, some with areas of
low attenuation presumed to be chylous lymph collections."
Histologically, replacement of normal lymph node compo-
nents with smooth muscle cells was seen. Lymphadenopathy
was associated with severe lung involvement by computed
tomography.”*

Lymphangioleiomyomas appear on CT scans as clearly
circumscribed lobular thin or thick-walled masses™”" (Fig.
1C). Chyle-filled cystic lesions appear to result from the ob-
struction of lymphatic vasculature by proliferation of smooth
muscle cells®® (Fig. 1E). LAM cells of lymphangioleiomyomas
have been observed infiltrating the fatty capsule that surround
the mass.® Lymphangioleiomyomas occurred more fre-
quently in patients with sporadic LAM than in LAM/TSC
patients (29% sporadic LAM vs. 9% LAM/TSC).* In some
patients, there is a diurnal increase in the size of the lym-
phangioleiomyomas (visualized by CT or sonography), which
can be an aid in the identification of a thick-walled lesion that
resembles either a lymphangioleiomyoma, a sarcoma, or a
lymphoma.5 2,53 Although characteristically benign, lesions
that are large enough to displace abdominal viscera, may
cause symptoms of abdominal pain, obstipation, and urinary
frequency (Fig. 1D). Chylous ascites may result from the dis-
ruption of lymphatic flow.”" There is no effective treatment
for lymphangioleiomyomas. An on-going clinical trial for
patients with LAM includes treatment with octreotide, which
has been used to retard the production of chyle in other disease
states.”

Lymphatic Involvement in TSC

Patients with TSC may develop multiple types of skin le-
sions (i.e., facial angiofibromas, forehead plaques, ungual fi-
bromas).>* AMLs occur more frequently in patients with
LAM/TSC than in those with sporadic LAM, but LAM/TSC
patients are less likely to present with other extrapulmonary
manifestations (i.e., chylous effusions, lymphangioleiomyo-
mas).”® Angiofibromas of patients with TSC demonstrated
VEGF expression® and cells cultured from AML tissue pro-
duced VEGF in vitro.”® Skin lesions also reacted with anti-
bodies against CD31, a blood vascular endothelial marker, in
some, but not all, dilated tubular structures.> Reports of in-
creased lymphatic vessels in TSC lesions™ suggests that the
vessels not reactive to vascular endothelial markers may
prove to be lymphatic vessels.

Histopathological Studies of Lymphatic
Involvement in LAM

Microscopic studies revealed that the fine slit-like channels
in LAM lung nodules and the cellular structures demarcating
the extrapulmonary bundles of LAM cells are lymphatic ves-
sels™ (Fig. 2B). The dilatation of some of these structures was
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believed to result from the proliferation of LAM cells, > but
further research was limited until the discovery of specific
lymphatic endothelial markers useful for immunohistochem-
ical studies, for example, podoplanin (a glomerular podocyte
membrane mucoprotein recognized by the antibody D2-40),
vascular endothelial growth factor receptor-3 (VEGFR-3, Flt-4,
lymphatic growth factor receptor for ligands VEGF-C and
VEGEF-D and a mediator of lymphangiogenesis), and PROX-1
(transcription factor required for the differentiation of lym-
phatic endothelial cells).®*>
Using these newly discovered lymphatic markers, plus
information regarding the metastatic properties of LAM cells
and the association of lymphangiogenesis with metastatic
processes, research focused on the mechanisms for dissemi-
nation of LAM cells. A study of 21 specimens from autopsies
or explanted lungs, using antibodies against VEGFR-3, xSMA
and HMB-45 showed extensive involvement of lymphatics in
LAM.®* Immunoreactivity against VEGFR-3 lymphatic en-
dothelial cell marker was observed in cells surrounding or
infiltrating LAM cell foci (identified by positive reactivity to
oSMA and HMB-45) in multiple sites, including the lung,
retroperitoneal lymph nodes, ovaries, uterus, thoracic duct,
and walls of lymphangioleiomyomas. Adjacent to areas of
LAM cell proliferation, lymphatic vessels that penetrated
vascular walls and tissue interstitium were found. LAM cell
clusters (LCCs, LAM cells surrounded by lymphatic endo-
thelial cells) were also seen in lymphatic vessels of the same
areas. In contrast, there was very little reaction to those
samples with anti-CD31 antibodies. CD31 is a putative vas-
cular endothelial and angiogenic cell marker.*®
Immunoreactive VEGF-C, a lymphatic growth factor, was
found in lung, uterus, ovary, and lymph node tissue samples.
In primary cell cultures from LAM lung explants, VEGF-C
was present in cells that reacted with HMB-45.%
Correlations were found between the extent of lym-
phangiogenesis (intensity of VEGFR-3 staining), intensity of
VEGEF-C staining, and the LHS in patients with LAM. LAM
tissue that reacted more with anti-VEGF-C antibodies also
contained more immunoreactive VEGFR-3 and the presence
of both VEGF-C and VEGFR-3 expression was associated with
severe disease, expressed as LHS. Findings in this lymphatic
study were all consistent with a lymphangiogenic process
associated with LAM through the production of VEGF-C.%
The finding that LAM cell clusters were present in
chylous effusions®*®® prompted immunocytologic and im-
munohistologic studies on samples of pleural and ascitic flu-
ids, and lymphangioleiomyoma from 6 cases of LAM or
LAM/TSC.%® LCCs were evident in all samples of chylous
fluid. The inner spindle-shaped cells reacted with HMB-45
anti-aSMA, and the outer flattened endothelial cells reacted
with antibodies against anti-VEGFR-3 antibodies.®® Cells
from a resected diaphragmatic lesion of a patient with chy-
lothorax and chylous ascites also expressed both lymphatic
(Fig. 2C) and LAM cell markers and appeared to fragment
into LCCs. Further, immunohistochemical characterization
revealed LCCs similar to clusters observed in the stroma of
the diaphragm that were also floating in the extralymphatic
space of the pleural cavity. Consistent with these observa-
tions, double immunostaining for lymphatic endothelial
cells and epithelial cells demonstrated a lymphatic channel
within the diaphragmatic LAM lesion opening into the pleural
cavity.®
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As part of this study, a retrospective evaluation of autopsy
samples from the axial lymphatic system confirmed the
presence of LAM lesions in all regions of the axial lymphatics,
but particularly in the retroperitoneal area.® LAM lesions
located in the thoracic duct wall and in retroperitoneal lymph
nodes were observed to extend into adjacent fat tissue. LAM
cells were also seen proximal to the junction of the lymphatic
and venous blood systems. The identification of LCCs in
chylous fluids and extralymphatic spaces and the extent of
lymphatic involvement in LAM led to the premise that met-
astatic spread of LAM cells may be a consequence of the
lymphangiogenesis-associated shedding of LCCs into the
lymphatic circulation. Interaction of the lymphatic endothelial
cells (LECs) of the clusters with LECs of the lymphatic chan-
nels could result in the fragmentation of the LAM cells clus-
ters. In vitro, LCCs, separated into spindle-shaped cells
reactive with anti-«SMA antibodies and large polygonal cells
reactive with anti-VEGFR-3 antibodies. Freed from the LCCs
and assisted by LAM cell-derived MMPs, LAM cells could
then invade the extracellular matrix to form a new lesion.

As LAM cells have been recovered from circulating blood,*!
serum levels of lymphatic growth factor levels in patients
with LAM were studied to ascertain possible mediators of
the lymphangiogenic process in LAM.*” Although VEGF-C
had been demonstrated in LAM tissue,®® serum levels of
VEGEF-C were lower than those in age- and gender- matched
levels of healthy volunteers, and VEGF-A levels were similar
to those of controls. Serum levels of VEGF-D were, however,
significantly higher than those in normal volunteers. Greater
loss of pulmonary function was associated with higher levels
of serum VEGEF-D, indicating that VEGF-D may be the growth
factor influencing lymphangiogenesis in LAM.%”

In another study of 38 patients with LAM and 29 healthy
volunteers, serum VEGF-D levels were higher in LAM than
in similar cystic or chylous lung diseases (i.e., pulmonary
Langerhans-cell histiocytosis, n = 7; lymphangiomatosis, n = 7;
and emphysema, n=13).°® It was suggested that VEGF-D
serum levels might be a diagnostic test for LAM.®® Data from a
larger cohort of 111 patients with LAM grouped according to
pulmonary and extrapulmonary manifestations, corroborated
previous results comparing serum VEGE-D levels of patients
with LAM to healthy volunteers (Fig. 3A) and the association
between higher VEGF-D levels and lower pulmonary function
(initial DLco % predicted, DLco/ VA).® Further, serum VEGF-
D levels were associated with more severe disease by CT scan
(CT grade). The correlation of VEGF-D levels to LAM disease
was maintained, however, only for LAM patients with lym-
phatic involvement (defined in this study as the presence of
adenopathy and/or lymphangioleiomyoma), regardless of the
presence of AMLs® (Fig. 3B). Thus, normal VEGF-D levels
might be present in patients with disease limited to the lung.
Statistical analysis of a predictive model for VEGF-D serum
levels indicated that VEGF-D was a good biomarker for pre-
dicting lymphatic involvement, but not for diagnosing LAM.®
Consistent with these findings, extent of lymphatic involve-
ment in LAM was also correlated with loss of pulmonary
function and trended toward severe disease.®’ Interestingly, in
a study using cultured cells from Tsc2 wild-type (Tsc2*/™)
and Tsc2 null (Tsc2~/~) mouse embryonic fibroblasts (MEFs),
it was reported that inactivation of Tsc2 upregulated the
expression of VEGF through increased accumulation of
HIF-1a.”° Though Tsc2 null cells treated with rapamycin, an
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FIG. 3. Serum Levels of VEGF-D in lymphangioleiomyo-
matosis. In (A), serum VEGF-D levels in all patients with
sporadic lymphangioleiomyomatosis (LAM) (n=111) were
compared to those of healthy volunteers (1 =40). (B) shows
patient samples further grouped and compared on the basis
of thoracic or abdominal lymphatic involvement (presence
(n=77) or absence (n=34) of lymphangioleiomyomas and/
or adenopathy), and the presence (1 =40) or absence (1 ="71)
of renal angiomyolipomas (AMLs). All groups were com-
pared to healthy volunteers (1n=40). (4+)=presence of,
(—)=absence of. Each @ represents serum measurement of
VEGEF-D from one patient or healthy volunteer. Lines rep-
resent mean values. (From Reference 69).

mTOR antagonist, lead to reduced secretion of VEGF, levels
remained higher than VEGF levels in Tse2t/* cells.” Tt is
conceivable Tsc2 may also regulate VEGF-D in a similar
manner in humans.

Conclusion

Lymphatic involvement in LAM patients, which can be
widespread, may be associated with metastatic spread of
LAM cells and a negative indicator of prognosis. VEGF-D, a
lymphangiogenic growth factor, may be elevated in sera of
patients with LAM, and disease progression may be slowed
by anti-VEGF-D therapy.
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