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Abstract:  Lymphangioleiomyomatosis (LAM) is a multisystem disease of women, characterized 

by proliferation of abnormal smooth muscle-like LAM cells, leading to the formation of lung 

cysts, fluid-filled cystic structures in the axial lymphatics (eg, lymphangioleiomyomas), and 

renal angiomyolipomas. LAM is caused by mutations of the TSC1 or TSC2 genes, which encode, 

respectively, hamartin and tuberin, two proteins with a major role in control of the mammalian 

target of rapamycin (mTOR) signaling pathway. LAM occurs sporadically or in association 

with tuberous sclerosis complex, an autosomal-dominant syndrome characterized by widespread 

hamartomatous lesions. LAM may present with progressive dyspnea, recurrent pneumothorax, 

or chylothorax. Pulmonary function tests show reduced flow rates (forced expiratory volume in 

the first second) and diffusion capacity. Exercise testing may reveal gas exchange abnormalities, 

ventilatory limitation, and hypoxemia. The severity and progression of disease may be assessed 

by lung histology scores, quantification of computed tomography, pulmonary function testing, 

6-minute walk tests, cardiopulmonary exercise testing, and measurement of serum vascular 

endothelial growth factor D levels. Sirolimus and everolimus, two mTOR inhibitors, are effective 

in stabilizing lung function and reducing the size of chylous effusions, lymphangioleiomyo-

mas, and angiomyolipomas. However, inhibition of mTOR complex 1 increases autophagy, 

possibly enhancing LAM cell survival. Inhibition of autophagy with hydroxychloroquine, in 

combination with sirolimus, has been proposed as a possible treatment for LAM. Deficiency of 

tuberin results in increased RhoA GTPase activity and cell survival, an effect that is mediated 

through mTOR complex 2 signaling. Because sirolimus and everolimus only affect the activity 

of mTOR complex 1, therapies targeting RhoA GTPases with simvastatin, which inhibits Rho 

GTPases and promotes apoptosis, are being investigated. As in the case of cancer, LAM may 

be best treated with multiple drugs targeting signaling pathways considered important in the 

pathogenesis of disease.

Keywords: lymphangioleiomyomatosis, tuberous sclerosis, TSC1 and TSC2 mutations, 

mammalian target of rapamycin signaling pathway

Introduction
Lymphangioleiomyomatosis (LAM), a multisystem disorder affecting predominantly 

women, is characterized by cystic lung destruction and extrapulmonary disease consist-

ing of angiomyolipomas (AMLs), lymphatic tumors, eg, lymphangioleiomyomas, and 

chylous effusions.1–6 The pathologic features of LAM result from the proliferation of 

neoplastic cells (LAM cells), which have characteristics of both smooth muscle cells 

and melanocytes.2,4–6 LAM occurs with increased frequency in patients with tuberous 

sclerosis complex (TSC), an autosomal-dominant disorder caused by mutations in 

the TSC1 or TSC2 genes, and characterized by mental retardation, autism, seizures, 
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and hamartomatous lesions in the brain, heart, skin, kidney, 

eyes, lungs, and liver.7–10 A noninherited form of LAM called 

sporadic LAM is caused by somatic mutations of the TSC2 

gene8–10 and is estimated to have a prevalence of approximately 

3.3–7.7 per 1,000,000 women.11

Epidemiology
LAM was once considered to be a fatal disease of women of 

childbearing age for which there was no effective treatment 

except for lung transplantation.12–14 Thanks to intensive study 

in the past 2 decades,1,3,15 LAM is now considered to be a 

chronic disease that can affect both pre- and postmenopausal 

women, with a median transplant-free survival of approxi-

mately 29 years from the onset of symptoms and a 10-year 

transplant-free survival of 86%.1,15,16

TSC is a multisystem, autosomal-dominant disorder 

that occurs in 1 in 12,000–14,000 children aged ,10 years 

or 1 in 6,000 live births.7 TSC is characterized by facial 

angiofibroma, periungual fibromas, Shagreen patches, corti-

cal tubers, cardiac rhabdomyomas, giant cell astrocytomas, 

mental retardation, and seizures, in addition to clinical 

features found in sporadic LAM.7 The prevalence of LAM 

in TSC was once thought to be 1%–4%,17–20 but subsequent 

studies showed that the occurrence of cystic lung disease in 

women with TSC ranges from 26% to 38%.21–23 In a recent 

study, it was estimated that as many as 80% of women with 

TSC will develop lung cysts.24 Lung cysts occur in only about 

13% of men with TSC,25 who show much less clinically 

significant disease than women.

Pathology
Histologically, lung lesions consist of LAM cells in the walls 

of cysts and along blood vessels, lymphatics, and bronchi-

oles, leading to narrowing of the airways, thickening of the 

vascular walls, lymphatic disruption, and venous occlusion.5,6 

Noncystic lesions consist of nodular infiltrates of LAM cells. 

The center of the nodules contains a preponderance of small, 

spindle-shaped cells, whereas epithelioid cells with large 

cytoplasm predominate in the periphery.5,6 Both types of 

cells react with antibodies against smooth muscle antigens, 

eg, α-actin, vimentin, and desmin. Epithelioid cells react with 

human melanin black antibody (HMB-45), a monoclonal 

antibody that recognizes gp100, a premelanosomal protein 

encoded by the Pmel17 gene.5,6 The spindle-shaped cells 

react with antiproliferation cell nuclear antigen antibodies, 

indicating a proliferative phenotype.5,6

AMLs are characterized histologically by proliferation 

of smooth muscle-like LAM cells, poorly differentiated 

blood vessels, and adipocytes.4–6 The blood supply of AML 

frequently originates from the renal arteries or aberrant blood 

vessels.4–6,26 Tumors may vary in size from a few millimeters 

to .20 cm in diameter.26

Lymphangioleiomyomas consist of chyle-filled lymphatic 

masses of varying sizes that are most frequently localized to 

the retroperitoneum, pelvis, and posterior mediastinum.4–6,26 

Proliferation of epithelioid cells in the walls of lymphatic 

vessels leads to obstruction of chyle flow and formation of 

chyle-filled masses.4–6,26

Clinical presentation
Patients often present with a history of recurrent pneumotho-

races or progressive dyspnea (Table 1).1–3 Less commonly, the 

first sign of LAM is a chylous effusion, hemoptysis, abdomi-

nal hemorrhage originating from an AML, or the discovery 

of abdominal or pelvic tumor masses.1–6  Pneumothoraces 

occur in about 50%–60% of patients and tend to recur.1–3 

Patients with larger cysts are more likely to present with 

 pneumothoraces.27 Another frequent mode of presentation 

is dyspnea on exertion, which worsens with time. These 

patients show more advanced disease than those presenting 

with pneumothorax, perhaps because the occurrence of a 

pneumothorax prompts lung imaging studies that uncover 

the presence of lung cysts and lead to diagnosis.15

Other modes of presentation include chylothorax, chylous 

ascites, hemoptysis, chyluria, chyloptysis, abdominal lymph-

angioleiomyomas suggesting malignancy, and abdominal 

hemorrhage caused by renal AMLs (Table 1).1,4,26

Lymphatic involvement in LAM occurs in the posterior 

mediastinal, retroperitoneal, and pelvic areas and consists 

of lymphangioleiomyomas, lymphadenopathy, pleural effu-

sions, and ascites.4,26,28

Table 1 Clinical features of LAM

Presenting signs or symptoms Sporadic LAM TSC-LAM

Pneumothorax 57% 47%

Dyspnea on exertion 73% 71%

Abdominal angiomyolipomas 32% 93%

Pleural effusions 12% 6%

Lymphangioleiomyomas 29% 9%

Hemoptysis 32% 21%

Ascites 10% 6%

Note: Adapted with permission from Ryu JH, Moss J, Beck GJ, et al. The 

NHLBi Lymphangioleiomyomato sis Registry. Characteristics of 230 patients 

at enrollment. Am J Respir Crit Care Med. 2006;173(1):105–111. Copyright © 

2006 American Thoracic Society.1 And Avila NA, Dwyer AJ, Rabel A, Moss 

J. Sporadic lymphangioleiomyomatosis and tuberous sclerosis complex with 

lymphangioleiomyomatosis, comparison of CT features. Radiology. 2007;242(1):277–

285. Copyright © 2007 Radiological Society of North America.28

Abbreviations: LAM, lymphangioleiomyomatosis; TSC, tuberous sclerosis complex.
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In patients with TSC, typical skin lesions include 

 Shagreen patches and facial and periungal angiofibromas 

(Figure 1); neurologic involvement includes tubers and giant 

cell  astrocytomas.7 The prevalence of extrapulmonary LAM 

in TSC-LAM patients is different from that in patients with 

sporadic LAM. In a study comparing computed tomography 

(CT) scan features of TSC-LAM and sporadic LAM patients, 

AMLs were found in approximately 93% of patients with TSC 

and LAM, and 32% of those with sporadic LAM (Table 1).1,4,28 

Lymphangioleiomyomas and chylous effusions were more 

common in sporadic LAM.28 The number of sclerotic bone 

lesions was greater in patients with TSC-LAM than in those 

with sporadic LAM.28 Lung disease in TSC may consist of 

only a few cysts scattered throughout the lungs. These patients 

may have no clinical symptoms and are usually diagnosed by 

CT scans. However, those patients with TSC who initially 

present with pulmonary symptoms may have a clinical course 

similar to patients with sporadic LAM.24

Pathogenesis
LAM in the presence of TSC is caused by proliferation of 

neoplastic LAM cells that have mutations or deletions in one 

of the tuberous sclerosis genes, TSC1 localized on chromo-

some 9q34 or, more frequently, TSC2, which is localized 

on chromosome 16p13.8–10,29 Only TSC2 abnormalities have 

been found to be associated with sporadic LAM.8–10,29 Loss 

of heterozygosity of TSC2 has been demonstrated in LAM 

cells isolated from lung, AMLs, blood, chyle, and urine from 

patients with sporadic LAM and TSC-LAM.8–10,30,31 LAM 

cell clusters, consisting of LAM cell aggregates covered by 

lymphatic endothelial cells, have been identified in chylous 

fluid.32 Although LAM cells exhibit low-grade features of 

malignancy, they have metastatic properties. Indeed, LAM 

cells have been detected in donor lungs of patients who had 

lung transplantation, suggesting migration to the lungs of 

cells from other sites, such as the kidney, lymphatic system, 

or uterus.33–35 Identical TSC2 mutations have been found 

in the lungs and kidneys of the same patient with sporadic 

LAM.9

Dysregulation of the mammalian target of rapamycin 

(mTOR) signaling pathway is the cause of abnormal LAM 

cell proliferation. TSC1 and TSC2 genes encode, respectively, 

hamartin and tuberin (Figure 2),36–39 two proteins that regulate 

the intracellular serine/threonine kinase mTOR signaling path-

A

C
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D

Figure 1 Skin manifestations of tuberous sclerosis complex in adult women. 

Notes: (A) Two hypomelanotic macules located on the back. (B) Facial angiofibromas 
involving the nose and adjacent cheek. (C) Shagreen patch involving the lower back. 

(D) Periungual fibroma.
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Figure 2 Simplified scheme of the mTOR signaling pathways showing potential sites 
of action of some agents tested or in use in LAM. 

Notes: TSC1/2 integrates multiple signals, such as those from growth factors, energy 

state, and hypoxia, to control cell size and proliferation. TSC1/2 regulates mTORC1 

negatively through its actions on Rheb. Activation of mTORC1 leads to cell growth 

and proliferation. mTORC1 is also a major regulator of autophagy. Blockade of 

mTORC1 by sirolimus augments autophagy, which may lead to increased cell survival. 

in vitro, this effect can be inhibited by chloroquine. mTORC2 regulates the actin 

cytoskeleton through Rho GTPases, which affect cell migration, morphogenesis, and 

apoptosis. Simvastatin reduces Rheb and Rho activities and promotes apoptosis. 

Combined therapy with sirolimus, chloroquine, or simvastatin may act synergically to 

inhibit LAM cell growth. Absence of TSC1/2, eg, hamartin and tuberin, results in loss 

of Rheb inhibition, leading to activation of mTORC1, enhanced 4EBP1/S6K signaling, 

and increased cell size and proliferation. Sirolimus blocks mTORC1, decreasing cell 

size and proliferation.

Abbreviations: mTOR, mammalian target of rapamycin; LAM, lymphangiolei-

omyomatosis; TSC, tuberous sclerosis complex; mTORC1, mTOR complex 1; 

mTORC2, mTOR complex 2; Rheb, Ras homologue enriched in brain; 4EBP1, factor 

4E-binding protein 1; S6K, S6 kinase 1; ULK2, Unc-51-like kinase 2.
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way. mTOR regulates cell size, proliferation, and survival by 

integrating signals from growth factors, energy, and stress.36,37 

Tuberin is a GTPase-activating protein for the guanine 

nucleotide-binding protein Rheb (Ras homologue enriched in 

brain), which promotes the formation of inactive Rheb-GDP 

from active Rheb-GTP.36 Inhibition or absence of tuberin, as 

occurs with TSC2 gene mutations, results in accumulation of 

active Rheb-GTP, stimulation of mTOR, phosphorylation of 

S6 kinase and eukaryotic initiation factor 4E-binding protein, 

and increased translation, cell size, and proliferation.37

Since LAM occurs almost exclusively in women, a role of 

estrogens in the pathogenesis of LAM was suspected.2 Further, 

estrogen and progesterone receptors were seen in lung nodules 

and AML,40–42 predominance of LAM was observed in pre-

menopausal women,1 and worsening of pulmonary symptoms 

was observed during pregnancy or following the administra-

tion of exogenous estrogens.43,44 Moreover, the rate of decline 

in lung function tends to be greater in premenopausal women 

than in postmenopausal women.45 Furthermore, in vitro and 

animal data have shown that estrogens promote the prolifera-

tion of TSC-null rat ELT3 leiomyoma-derived cells and human 

AML TSC2฀/฀ cells in vitro and the growth of subcutaneous 

tumors in animal models of TSC.46–49 However, there is yet 

no definite proof that antiestrogen therapies are effective in 

the treatment of LAM.45

The mechanisms by which LAM cell proliferation causes 

formation of lung cysts and destruction of the lung parenchyma 

are under investigation.29,50 Compression of the airways by 

LAM cells, leading to distention of the terminal airspaces 

upstream from the occluded airway, has been proposed as a 

cause of cyst formation.2,5,6 Another potential cause of cystic 

lesions is degradation of lung elastic fibers caused by pro-

teinases.29,50 This degradation may result from an increase in 

matrix metalloproteinase (MMP) activity in the lungs, where 

they have an important role in lung remodeling and lymp-

hangiogenesis.50–52 LAM nodules contain MMP2, MMP9, 

MMP1, MMP activators (MT1-MMP), and MMP inhibitors 

(TIMPs).51–53 A reduction in levels of an MMP inhibitor 

(TIMP-3) was reported in LAM lesions,53,54 and serum levels 

of MMP-9 were reported to be elevated in patients with LAM.55 

An imbalance between MMP and MMP inhibitors may be a 

contributing factor to destruction of the lung parenchyma.56

Disorganized lymphangiogenesis has an important role 

in the pathogenesis of LAM.32,50,57–60 Lymphatic spaces 

are present in LAM lung nodules that have, in addition, 

immunoreactivity toward vascular endothelial growth factor 

(VEGF)-C and VEGF-D.32,50,57–60 Vascular endothelial growth 

factor receptor (VEGFR)-3 and other markers of lymphatic 

endothelial cells are also noted in the channels found in the 

lung nodules.50,57–60

Physiologic features
According to the National Heart, Lung, and Blood Institute 

Lymphangioleiomyomatosis Registry, airflow obstruction was 

seen initially in approximately 61% of patients with sporadic 

LAM.1,45 Normal spirometry was present in about 31% of 

patients with sporadic LAM, whereas normal lung function 

was observed in 53% of the patients with TSC-LAM (Table 2).1 

Air trapping may be associated with severe airflow obstruc-

tion. Reduced lung diffusing capacity (DL
CO

) was reported in 

about 57% of patients with sporadic LAM,1 with some patients 

having reduced DL
CO

 and normal flow rates.45

Gas exchange abnormalities, especially during exercise, 

are frequently observed in LAM (Table 3).61,62 These abnor-

malities are characterized by reduced exercise capacity, 

decreased peak oxygen uptake (VO2 max), reduced breathing 

reserve, increased ventilatory equivalent for carbon dioxide 

(VE/VCO2), and hypoxemia (Table 3).61,62

Airflow limitation in LAM had been attributed to alveolar 

destruction with consequent loss of elastic recoil.63 Studies 

of lung mechanics showed, however, that airway resistance 

was increased and lung elastic recoil was not significantly 

reduced.64 The primary causes of dyspnea and exercise limita-

tion are reduced breathing reserve, dynamic hyperinflation, 

and an exaggerated ventilatory response to exercise because 

of limitation in oxygen transfer due to loss of alveolar capil-

lary surface area.61,62,65 Exercise-induced pulmonary hyper-

tension seen in patients with severe disease may also be a 

factor in reducing oxygen transfer.66

Radiologic findings
Chest radiographic findings may be normal or show an 

interstitial pattern or cystic changes. CT shows well-defined, 

Table 2 Pulmonary function abnormalities in LAM

Functional abnormality Sporadic LAM TSC-LAM

Decreased FEv
1

61% 38%

Decreased FEv
1
/FvC ratio 61% 38%

Decreased DL
CO

57% 38%

increased Rv/TLC ratio 7% 3%

Normal lung function 30% 53%

Note: Adapted with permission from Ryu JH, Moss J, Beck GJ, et al. The NHLBi 

Lymphangioleiomyomato sis Registry. Characteristics of 230 patients at enrollment. 

Am J Respir Crit Care Med. 2006;173(1):105–111. Copyright © 2006 American 

Thoracic Society.1

Abbreviations: LAM, lymphangioleiomyomatosis; TSC, tuberous sclerosis complex; 

FEv
1
, forced expiratory volume in the first second; FVC, forced vital capacity; DL

CO
, lung 

diffusion capacity for carbon monoxide; Rv, residual volume; TLC, total lung capacity.
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round, thin-walled cysts scattered throughout the lungs, which 

may vary in size from a few millimeters to 2 cm  (Figure 3).67–69 

In patients with lymphatic involvement, pleural effusions and 

lung infiltrates due to chyle in the interstitium may be present. 

There is correlation between the extent of the cystic destruc-

tion, pulmonary function, and exercise performance.62,67–72

AMLs, lymphadenopathy, lymphangioleiomyomas, and 

ascites may be visualized by ultrasonography, CT scans, 

or magnetic resonance imaging.26,28 AMLs occur predomi-

nantly in the kidney and liver, appearing as tumor masses 

comprising fatty areas, mixed with kidney parenchyma 

(Figure 3).26,28 Atypical AMLs lack fatty tissue, comprising 

predominantly epithelioid LAM cells that may suggest renal 

cell carcinoma.4–6,73

Lymphangioleiomyomas appear as well-circumscribed 

masses of variable dimensions, comprising an outer wall and 

a fluid-rich region central region (Figure 3).26,28,74–76 The size 

of lymphangioleiomyomas tends to be greater in the evening 

than in the morning, which may help differentiating them 

from malignant tumors.75,76

Diagnosis
The diagnosis of LAM should be strongly suspected in 

any woman who presents with progressive dyspnea, recur-

rent pneumothoraces, or chylous pleural effusions.1,4,6 

The  diagnosis of definite LAM may be made in the presence 

of a characteristic CT scan and a transbronchial, thoraco-

scopic, or open lung biopsy29,77–79 showing the characteristic 

histological features of LAM and reactivity with monoclonal 

antibody HMB-45.4–6 Alternatively, the presence of a charac-

teristic lung CT and AML, chylous effusions, lymphangio-

leiomyoma, or TSC are sufficient to establish the diagnosis.79 

The presence of a characteristic CT scan in the absence of 

extrapulmonary findings is not diagnostic of LAM.79

An important biomarker of value in diagnosing LAM is 

VEGF-D, a lymphangiogenic growth factor that is increased 

in the serum of patients with LAM, especially those with 

lymphatic involvement.58–60 In the appropriate clinical and 

radiologic setting, a VEGF-D serum level $800 pg/mL is 

rarely found in other cystic lung diseases.60 VEGF-D may 

be of value in grading the severity of disease and monitoring 

therapeutic response to mTOR inhibitors.60

The differential diagnosis of LAM includes emphysema, 

sarcoidosis, Langerhans cell histiocytosis, Birt–Hogg–Dubé 

Table 3 Cardiopulmonary exercise abnormalities in LAM

Decreased vO
2
 maximum

Decreased work rate

Decreased breathing reserve

Decreased SaO
2

increased vE/vCO
2
 at AT

increased skeletal muscle fatigue

Abbreviations: LAM, lymphangioleiomyomatosis; vO
2
 max, peak oxygen uptake; 

SaO
2
, arterial oxygen tension; vE/vCO

2
, ventilatory equivalent for CO

2
; AT, 

anaerobic threshold.

Figure 3 Computed tomography scans showing pulmonary and extrapulmonary images of patients with LAM. 

Notes: (A) Multiple large (white asterisk) thin-walled cysts scattered throughout the lungs. Between the cystic areas there is normal-appearing lung parenchyma. (B) Numerous 

small thin-walled cysts have completely replaced the normal lung parenchyma. (C) Small posterior mediastinal lymphangioleiomyoma surrounding the descending aorta (white 

asterisk). (D) Right renal (white asterisk) and liver (white asterisk) angiomyolipomas in a patient with TSC-LAM. The fatty, low-density component is clearly visualized.

Abbreviations: LAM, lymphangioleiomyomatosis; TSC, tuberous sclerosis complex.
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syndrome, follicular bronchiolitis, light chain disease, 

Sjögren’s syndrome, allergic alveolitis, bronchiectasis, 

Mounier–Kuhn syndrome, pneumoconiosis, and chronic lung 

infectious processes. In general, most of these conditions can 

be easily excluded on the basis of clinical, histopathological, 

and radiologic findings.2,79

Prognosis
Clinical, pathologic, and physiologic data may assist in 

estimating the prognosis of newly diagnosed patients 

with LAM. Premenopausal patients may have a faster 

decline in lung function than older, postmenopausal 

women.45,80 Patients who give a history of pneumothorax 

as the first sign of LAM present with better lung function 

than those experiencing dyspnea on exertion.15,79 Indeed, 

patients presenting with dyspnea have lower survival 

rates than patients whose initial symptom is related to a 

pneumothorax.81 Moreover, in patients with forced expira-

tory volume in the first second (FEV
1
) and DL

CO
 .40% 

predicted, the rate of functional decline in patients present-

ing with dyspnea on exertion was greater than in those 

presenting with pneumothorax.81

In patients who have had a lung biopsy, a predominance 

of cystic lesions instead of cellular infiltrates is associated 

with worse prognosis.82,83 The presence of hemosiderin-laden 

macrophages in the biopsy tissue is also associated with 

more severe disease.82 Patients with more cystic disease 

tend to have lower FEV
1
 and DL

CO
, lower VO2 max, greater 

exercise-induced hypoxemia, and lower survival than patients 

with predominantly nodular lesions.82,83 Findings on CT 

scans also correlate with lung function tests, gas exchange, 

and exercise performance,62,67–69 especially if the percentage 

of lung volume affected by cysts and texture changes in the 

vicinity of cysts are quantified.71,72

Overall, pulmonary function testing is the most practi-

cal method of assessing the severity of lung disease in 

LAM.1,45 In patients with near normal flow rates and a 

reduced diffusion capacity, the severity of lung disease is 

best graded by a 6-minute walk test or cardiopulmonary 

exercise testing.61,62,70 Estimation of rates of FEV
1
 and 

DL
CO

 declining over time may help in defining whether 

lung disease is rapidly or slowly progressing.45,80 A positive 

response to bronchodilators, which occurs in 25%–30% of 

LAM patients, may be a predictor of disease severity and 

rate of progression.83,84

VEGF-D levels show a correlation with DL
CO

 and CT 

scan as measures of severity of lung disease.58,59 Analysis 

of data from the Multicenter International Lymphangio-

leiomyomatosis Efficacy and Safety of Sirolimus (MILES) 

trial showed that serum levels of VEGF-D correlated posi-

tively with use of oxygen, bronchodilator response, lower 

quality of life, decreased ability to perform daily living 

activities, lower diffusion capacity, and more severe airflow 

obstruction.60

Treatment
Not long ago, LAM was defined as a fatal disease of young 

women, for which the only treatment option was lung 

 transplantation. The finding that LAM is caused by muta-

tions of the TSC1 or TSC2 genes, which encode hamartin 

and tuberin, two proteins with a major role in control of 

the mTOR signaling pathway, led to therapies targeting 

mTOR (Figure 2).8–10,36 mTOR is the catalytic subunit of two 

 distinct complexes named mTOR complex 1 (mTORC1) and 

mTOR complex 2 (mTORC2) (Figure 2).85 Sirolimus and 

everolimus, two mTORC1 inhibitors, have been shown to be 

effective in stabilizing lung function and reducing the size of 

chylous effusions, lymphangioleiomyomas, and AMLs.86–88 

Treatment with sirolimus or everolimus is now recognized 

as the standard therapy for patients with declining lung func-

tion, symptomatic chylous effusions, lymphangioleiomyo-

mas, or large AMLs.86–88 However, discontinuation of mTOR 

inhibitor therapy results in further decline in lung function 

or return of AMLs to pretherapy tumor size, suggesting that 

treatment has to be continued.86,88 Inhibition of mTOR results 

in increased autophagy and possibly enhanced LAM cell 

survival, reducing the beneficial effects of mTOR inhibitors 

(Figure 2).50,89 Inhibition of autophagy with chloroquine in 

combination with mTOR inhibition is now being examined 

as a possible treatment for LAM.89 Deficiency of tuberin 

due to TSC2 mutations results in increased RhoA GTPase 

activity and increased cell survival,90 an effect mediated 

through mTORC2 signaling (Figure 2).90 Because sirolimus 

and everolimus only inhibit the activity of mTORC1, it has 

been suggested that therapies targeting RhoA GTPases 

should be considered (Figure 2).90,91 Statins, namely sim-

vastatin, inhibit Rho GTPases and promote apoptosis.56,92 

In combination with sirolimus, simvastatin was reported 

to prevent lung destruction in a mouse model of LAM.56 A 

Phase I clinical trial testing the effect of simvastatin com-

bined with either sirolimus or everolimus in patients with 

LAM is underway.

Other treatments that are under investigation are estrogen 

receptor blockers and aromatase inhibitors.50,57,91 Because of 

the proposed role of lymphangiogenesis in the pathogenesis 

of LAM,57 and evidence that increased levels of VEGF-D in 
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the serum of LAM patients correlate with disease severity and 

clinical course, blockade of VEGFRs or anti-VEGF therapies 

are also being considered.50,57 In an animal model of LAM, 

combination of VEGFR1, VEGFR2, and VEGFR3 inhibitor 

and sirolimus decreased tumor volume and increased survival 

more effectively than sirolimus alone.93

LAM is considered to be a low-grade malignancy and, as 

in the case of cancer, treatment with drugs targeting signaling 

pathways considered important in the pathogenesis of the dis-

ease may eventually turn out to be effective. However, most 

ongoing clinical studies are in a preliminary stage, and there 

is yet no evidence that they will prove to be effective.
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