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Lymphangioleiomyomatosis (LAM) leads to hyperproliferation of
abnormal smooth muscle cells in the lungs, associated with diffuse
pulmonary parenchymal cyst formation and progressive dyspnea on
exertion. The disease targets women of child-bearing age. Compli-
cations include pneumothoraces and chylous pleural effusions. Ten-
year survival is estimated at 70%, and lung transplantation remains
the only validated treatment. It has been observed that LAM cells
express markers associated with melanocytic differentiation, includ-
ing gp100 and MART-1. Other melanocytic markers have also been
observed. The same proteins are targeted by T cells infiltrating
melanoma tumors as well as by T cells infiltrating autoimmune vitiligo
skin, and these antigens are regarded as relatively immunogenic.
Consequently, vaccines have been developed for melanomatargeting
these and other immunogenic melanocyte differentiation proteins.
Preliminary data showing susceptibility of LAM cells to melanoma-
derived T cells suggest that vaccines targeting melanosomal antigens
can be successful in treating LAM.
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LYMPHANGIOLEIOMYOMATOSIS
DISEASE DEMOGRAPHICS

Lymphangioleiomyomatosis (LAM) leads to hyperproliferation
of abnormal cells in the lungs, associated with diffuse pulmonary
parenchymal cyst formation and progressive dyspnea on exertion
(1). Patients often develop pneumothoraces and chylous pleural
effusions, correlating in part to the severity of disease (2). Ul-
timately, supplemental oxygen is required (3). Lung transplan-
tation remains the sole validated treatment, with one third of
diagnosed patients transplanted or waitlisted for lung transplan-
tation at any time (4). LAM adheres to the common criteria of
cancer, including tumor formation, uncontrolled and growth-
factor-independent growth of affected cells in culture, and lym-
phatic metastasis, yet the tumors qualify as relatively benign (3).
LAM has been associated with tuberous sclerosis complex (re-
ferred to as TSC-LAM), with more than a third of patients with
TSC having typical cysts noted on computed tomography (5).
The mean age of patients at diagnosis is 36 years (6). The disease
almost exclusively strikes women in the prime of their life,
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although sporadic cases of LAM in men have been described,
and a very small percentage of male patients with TSC do de-
velop LAM (5). Progression can be accelerated by pregnancy and
hormonal contraception, suggesting hormonal involvement in
disease pathophysiology, an idea further supported by estrogen
and progesterone receptor expression in affected lungs (7). By its
recognized prevalence of almost one per million, it officially
qualifies as a rare disease, yet a significant cohort of female
patients affected by TSC ultimately develop LAM, suggesting
that LAM remains vastly underdiagnosed (8). This concept is
supported by a recent surge in patients diagnosed with LAM in
Korea, reported after enhanced screening methods (9). LAM is
inheritable, in particular the TSC-associated form. LAM also
carries a strong association with renal angiomyolipoma, and
abdominal pain is among the initial symptoms reported by
patients.

LAM ETIOLOGY

Breakthrough advances were made with the discovery of muta-
tions in 7SCI or TSC2 as underlying causes for LAM (10).
Gene products hamartin and tuberin function as heterodimers;
hence, mutations in either gene define the same disease(s) (11).
The association between both gene products has been mapped
to amino acids 302-430 in hamartin and amino acids 1-418 in
tuberin (12). This association is required to prevent ubig-
uitination and premature degradation of the TSC2 gene prod-
uct, which eliminates the GAP activity of tuberin (13). Several
different point mutations have been described, primarily in the
C-terminal GAP site or in the regions affecting interactions
among both proteins (13, 14). Mutant tuberin is unable to con-
trol the small GTPase Rheb, and subsequent mTOR activation
accompanied by hyperphosphorylation of S6 ribosomal protein
leads to increased cell growth (15-17). At the same time, Rheb
negatively affects differentiation by inhibiting B-Raf (18). In
TSC-LAM, a disease with autosomal dominant inheritance,
a mutant copy of TSCI or TSC2 is inherited through the germ-
line (19). Tumors result from inactivation of the second allele of
either gene by loss of heterozygosity or promoter methylation
(20). Patients can thereby lose functional expression of hamar-
tin or tuberin, respectively, in tissue cells, affecting a multitude
of organs that are dependent on the wide variety of binding
partners for either gene product (21). Tuberous sclerosis carries
a prevalence of approximately 1:10,000 (19). Not all patients
with TSC develop LAM, implying that additional mutations
or environmental cues are required for disease expression. Also,
the fact that mutations in genes with products playing such
a central role in cell proliferation and cell growth have less
profound effects than mutations more upstream can likely be
assigned to simultaneous attenuation of Akt (22). Indeed,
mTOR inhibition in mice with mutations in PTEN leads to
much more aggressive tumors (23). The same pathway also
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leads to STAT3 overexpression, implicated in tumor hyperpro-
liferation in LAM (24). In tuberous sclerosis, patients can pres-
ent with neurological disorders, including epilepsy, autism, and
mental retardation, and with tumors in multiple organs, includ-
ing renal angiomyolipomas, ash-leaf shaped depigmentation
patterns of the skin, and pulmonary LAM (25). Lung lesions
leading to TSC-associated or sporadic LAM are often described
as hyperproliferative smooth muscle cells (25). Whether causa-
tive cells originate in the lung or metastasize through the lym-
phatics is a topic of debate (26-28). Support for the metastatic
ability of LAM cells is provided by a demonstrated role for
tuberin in cell motility (29). Metastasis involves estrogen recep-
tor activation followed by overexpression of matrix metallopro-
teinases in LAM (30-34). Further answers may come from
sporadic LAM, where multiorgan involvement in patients is sug-
gestive of metastatic events. Enhanced expression of metastasis-
associated CD44 splice variant 6 in LAM lesions is likewise
supportive of a common origin of disease-associated cells in
LAM and renal lesions (35).

CURRENTLY AVAILABLE TREATMENTS

Preventing further outgrowth of hyperproliferative lesions is
a main objective of LAM treatment, and the discovery of
TSCI and TSC2 mutations in LAM has opened avenues to
treatment because mTOR activation can be subjected to rapa-
mycin analogs (36). Symptoms did not progress during rapamy-
cin treatment, yet progression resumed after treatment was
halted (37). Although cell proliferation is inhibited and cell size
is reduced, existing tumor cells are not killed by the treatment,
so additional treatment modalities are required for long-term
benefit. Because rapamycin supports cellular autophagy, it has
been proposed that adding inhibitors of this survival-promoting
process will improve the effects of rapamycin (38). Recent find-
ings demonstrating that 7SC2 mutations affect not only
mTORCI but also mTORC2 activity indicate that outcomes
may also improve by combinatorial treatment with simvastatin
(39, 40). Treatment with rapamycin alone can be effective in
a prophylactic setting in patients with LAM after undergoing
lung transplantation (41). The high risk of the operation and the
limited supply of donor organs, however, limit the applicability
of transplantation as an option for LAM. Moreover, rapamycin
has potent immunosuppressive consequences that can be fur-
ther potentiated by additional treatment to prevent tissue rejec-
tion in transplant recipients (42).
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LAM DIAGNOSIS

Among the initial symptoms recognized by patients is abdominal
pain and shortness of breath (43). However, the mean time
elapsing between such initial symptoms and official diagnosis
is 8 years (44). Survival is estimated at 70% after 10 ears (44).
A definitive diagnosis generally requires confirmation by a lung
biopsy further analyzed for immunostaining by antibody
HMB45 (human melanoma black 45), reactive with gp100,
a melanosomal glycoprotein otherwise exclusively expressed
in cells of the melanocyte lineage (45). In the future, antibodies
to B-catenin may be used to further support the diagnosis of
LAM (46). Serum VEGF-D levels can serve as a reliable
marker for LAM, and, currently, the combination of a VEGF-D
level > 800 pg/ml along with the finding of lung cysts on CT
establishes the diagnosis of LAM without the need for surgical
lung biopsy (27, 47, 48).

IDENTITY OF LAM CELLS

In human LAM, features of hyperproliferative cells suggest
a smooth muscle origin of LAM lesions (49). However, ex-
pression of smooth muscle actin is not unique to smooth
muscle cells. Lesional LAM cells also frequently express recep-
tors for the female hormones estrogen and progesterone (50).
Some have suggested an endothelial cell origin, supported by
the observation that lesional cells in 7scl heterozygote mice
may be of endothelial origin (51). The definitive marker for
LAM cells is recognition by antibody HMB45, supporting
gp100 expression by at least a subset of LAM cells in all patients
and suggesting a melanocytic origin of transformed cells in
LAM (52). Given the current speculation about the origin of
the LAM cells, it is hypothesized that LAM cells originate
from a cancer stem cell, which is able to acquire characteristics
of multiple lineages upon differentiation. Prominent expression
of gp100 inversely correlates with cell proliferation. This sug-
gests that a patient with more aggressive disease would exhibit
fewer LAM cells expressing gp100 because rapidly proliferating
cells do not react with HMB-45 (53). Our own studies suggest
that gpl00 expression is antiapoptotic because cells trans-
duced to express gpl00 also overexpress Bcl-2 (54). Evidence
for a more extensive melanocytic differentiation program with-
in LAM cells is provided by expression of MART-1 and
CD63 (tetraspanin) (53). LAM tumor cells can also express
melanoma-associated antigens and tyrosinase-related proteins

Figure 1. A central role for Rheb in dysregulating
cell size and differentiation profile in lymphangio-
leiomyomatosis LAM? When TSC1 or TSC2 are mu-
tated, the tuberous sclerosis complex (TSC) is
incapable of inhibiting Rheb, which leads to activa-
tion of mTORC, supporting an increase in cell size.
Uninhibited Rheb simultaneously leads to inhibition
of wild-type and mutant Braf. At least in the case
of mutant Braf, this releases repression of Mitf, in-
% creasing CDK expression and cell cycling as well
as expression of melanoma-associated antigens in
melanosome-like organelles. Unknown factors re-
i main, yet these conditions likely contribute to ab-
errant expression of melanoma antigens in LAM.
This profile can render LAM tumor cells susceptible
° to vaccines designed to target malignant melanoma.
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(TRP)-1 and TRP-2, and detection of TRP-1 may be a more
reliable indicator of LAM than gp100 (55). By contrast, melanin
formation is absent, and antibodies to the associated enzyme
tyrosinase were not reactive with LAM tissue or angiomyolipoma
of the lung in a patient with TSC (55, 56). Ultrastructural studies
confirm the presence of premelanosomes in the absence of melanin
deposition (55).

A LINK WITH MELANOMA

Melanoma cells are not known to carry mutations in 7SCI or
TSC2, although mTOR activation is a common feature and
mTOR inhibition by rapamycin combined with PI3 kinase
inhibitors has met with therapeutic success in animal models
of melanoma (57, 58). In melanoma, malignancy is associated
with early mutations in BRAF, the gene product of which is
suppressed by Rheb (59). Although mutations affecting the
tuberin/hamartin complex lead to increased Rheb activity and
therefore to elevated mTORC activity and cell growth, in-
creased Rheb also inhibits BRAF-induced differentiation (Fig-
ure 1). However, only oncogenic BRAF can (negatively)
regulate Mitf expression (60). Mitf is required for melanocytic
differentiation and is responsible for the expression of gp100
and MART-1 (61). Thus, it may be predicted that BRAF muta-
tions, frequently observed in melanoma, are uncommon in
LAM (62). In melanoma, mutant BRAF-induced suppression
of Mitf is countered by a requirement for Mitf to induce expres-
sion of CDKs, including CDK2, which shares a promoter with
gp100 (54, 60). The observation that TORCI signaling affects
melanosome formation may shed light on the underlying mech-
anism driving melanosomal antigen expression in LAM (63). A
hallmark of malignantly transformed melanocytes in melanoma
is their continued expression of differentiation antigens gp100
and MART-1, which are among the most immunogenic tumor-
associated antigens known. In fact, MART-1 stands for Mela-
noma Antigen Recognized by T cells, and the majority of
T cells infiltrating melanoma tumors are reactive with MART-
land gpl00 (64). Other melanocyte differentiation antigens
expressed in LAM are also immunogenic, including TRP-1
and TRP-2 (64). Immunogenic proteins expressed by melanoma
cells also include gene products associated with malignant trans-
formation, such as the MAGE family of proteins, and GD3 (65).
What makes melanoma such a uniquely immunogenic tumor is
the melanosome. This organelle carries physiologic properties
otherwise associated with lysosomes, including processing of
antigens to be presented in the context of MHC class II (66).
Because primary melanocytes only express MHC class II mol-
ecules under pathologic conditions, the immune system may be
tolerant to melanosomal peptides due to ignorance (67). In the
autoimmune disease and in malignant melanoma, however,
melanocytes or their malignant counterpart, the melanoma cell,
do express class II molecules; this may explain why tolerance to
melanosomal self-proteins is broken.

IMMUNOTHERAPY TARGETING
MELANOMA-ASSOCIATED ANTIGENS

Rare observations of spontaneous remissions among patients
with melanoma have sparked interest in the underlying mecha-
nism. Cells mediating cytotoxicity toward tumor cells were iso-
lated and grown in bulk and then adoptively transferred back to
patients (68). Original strategies have since been refined, boost-
ing immune responses with vaccines containing melanosomal
target antigens in the form of DNA, RNA, protein, or peptides
in natural or modified format as presented in the context of
HLA, involving dendritic cells (69). Further immunotherapeutic

developments include T-cell receptor transgenic T cells, anti-
bodies and anti-idiotype antibodies, and even chimeric antigen
receptors combining high-affinity antibody paratopes with
T-cell signaling advantages (70). Cytokines, costimulatory mol-
ecules, heat shock proteins, and other adjuvants as well as com-
binations with cytostatic drugs are included in current vaccine
strategies to target melanoma (71, 72). Tregs have since been
recognized as major impediments to effective tumor targeting,
and antibodies to CD25 are used to deplete Tregs (73). Whereas
the window of opportunity for successful treatment of advanced
stage melanoma remains limited, similar strategies may be ap-
plied with more success in less aggressive LAM tumors express-
ing the same target molecules. This concept is strongly supported
by the observation that LAM cells cultured from affected lung
tissue were susceptible to melanoma-derived cytotoxic T cells to
an extent well beyond that predicted based on detectable gp100
expression (55). The latter observation supports the concept that,
in cells lacking mature melanosomes, molecules otherwise des-
tined for the melanosome are driven to the endosomal compart-
ment to favor antigen processing and presentation (74). Despite
elevated expression of the T-cell costimulatory molecule B7H3,
the expression of immunogenic melanoma-associated antigens in
LAM is not accompanied by indications of enhanced T-cell infil-
tration of tumor tissue (75). Thus, intrinsic immunosurveillance
of LAM tumors is inadequate to keep slow tumor growth in
check. At the same time, infiltration by increased numbers of
tumor-promoting macrophages has been observed in TSC lesions
and LAM lung (55, 76). Taken together, these findings suggest
that existing and enhanced vaccines developed to treat malignant
melanoma may be suitable for treating LAM.

Author Disclosure: D.F.D., E.R.G., M.M.P., | M.E., and R.B.L. do not have a finan-
cial relationship with a commercial entity that has an interest in the subject of
this manuscript. I.C.L.P.’s institution received the Pilot Award from the LAM
Foundation.

References

1. Clements D, Markwick LJ, Puri N, Johnson SR. Role of the CXCR4/
CXCL12 axis in lymphangioleiomyomatosis and angiomyolipoma.
J Immunol 2010;185:1812-1821.

2. Taveira-Dasilva AM, Steagall WK, Rabel A, Hathaway O, Harari S,
Cassandro R, Stylianou M, Moss J. Reversible airflow obstruction in
lymphangioleiomyomatosis. Chest 2009;136:1596-1603.

3. Johnson SR, Whale CI, Hubbard RB, Lewis SA, Tattersfield AE. Sur-
vival and disease progression in UK patients with lymphangioleio-
myomatosis. Thorax 2004;59:800-803.

4. Maurer JR, Ryu J, Beck G, Moss J, Lee JC, Finlay G, Brown K, Chapman
J, McMahan J, Olson E, et al.; Natl Heart Lung and Blood Inst LAM
Registry Study Group. Lung transplantation in the management of
patients with lymphangioleiomyomatosis: baseline data from the
NHLBI LAM Registry. J Heart Lung Transplant 2007;26:1293-1299.

5. Muzykewicz DA, Sharma A, Muse V, Numis AL, Rajagopal J, Thiele
EA. TSC1 and TSC2 mutations in patients with lymphangioleiomyo-
matosis and tuberous sclerosis complex. J Med Genet 2009;46:465-468.

6. Naalsund A, Johansen B, Foerster A, Kolbenstvedt A. When to suspect
and how to diagnose pulmonary lymphangioleiomyomatosis. Respirology
1996;1:207-212.

7. Logginidou H, Ao X, Russo I, Henske EP. Frequent estrogen and
progesterone receptor immunoreactivity in renal angiomyolipomas
from women with pulmonary lymphangioleiomyomatosis. Chest 2000;
117:25-30.

8. Moss J, Avila NA, Barnes PM, Litzenberger RA, Bechtle J, Brooks PG,
Hedin CJ, Hunsberger S, Kristof AS. Prevalence and clinical charac-
teristics of lymphangioleiomyomatosis (LAM) in patients with tuberous
sclerosis complex. Am J Respir Crit Care Med 2001;164:669-671.

9. Park HY, Nam HS, Chung MP, Jeong SH, Kim YJ, Cha SI, Kim YW,
Park JS, Uh ST, Park CS, et al. A nationwide survey of lym-
phangioleiomyomatosis in Korea: recent increase in newly diagnosed
patients. J Korean Med Sci 2010;25:1182-1186.



10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 46 2012

Strizheva GD, Carsillo T, Kruger WD, Sullivan EJ, Ryu JH, Henske EP.
The spectrum of mutations in TSC1 and TSC2 in women with tu-
berous sclerosis and lymphangiomyomatosis. Am J Respir Crit Care
Med 2001;163:253-258.

van Slegtenhorst M, Nellist M, Nagelkerken B, Cheadle J, Snell R, van
den Ouweland A, Reuser A, Sampson J, Halley D, van der Sluijs P.
Interaction between hamartin and tuberin, the TSC1 and TSC2 gene
products. Hum Mol Genet 1998;7:1053-1057.

Hodges AK, Li S, Maynard J, Parry L, Braverman R, Cheadle JP,
DeClue JE, Sampson JR. Pathological mutations in TSC1 and TSC2
disrupt the interaction between hamartin and tuberin. Hum Mol
Genet 2001;10:2899-2905.

Benvenuto G, Li S, Brown SJ, Braverman R, Vass WC, Cheadle JP,
Halley DJ, Sampson JR, Wienecke R, DeClue JE. The tuberous
sclerosis-1 (TSC1) gene product hamartin suppresses cell growth and
augments the expression of the TSC2 product tuberin by inhibiting its
ubiquitination. Oncogene 2000;19:6306-6316.

Maheshwar MM, Cheadle JP, Jones AC, Myring J, Fryer AE, Harris PC,
Sampson JR. The GAP-related domain of tuberin, the product of the
TSC2 gene, is a target for missense mutations in tuberous sclerosis.
Hum Mol Genet 1997;6:1991-1996.

Inoki K, Li Y, Xu T, Guan KL. Rheb GTPase is a direct target of TSC2
GAP activity and regulates mTOR signaling. Genes Dev 2003;17:
1829-1834.

. Goncharova EA, Goncharov DA, Eszterhas A, Hunter DS, Glassberg

MK, Yeung RS, Walker CL, Noonan D, Kwiatkowski DJ, Chou MM,
et al. Tuberin regulates p70 S6 kinase activation and ribosomal pro-
tein S6 phosphorylation. A role for the TSC2 tumor suppressor gene
in pulmonary lymphangioleiomyomatosis (LAM). J Biol Chem 2002;
277:30958-30967.

Goncharova EA, Goncharov DA, Spaits M, Noonan DJ, Talovskaya E,
Eszterhas A, Krymskaya VP. Abnormal growth of smooth muscle-
like cells in lymphangioleiomyomatosis: role for tumor suppressor
TSC2. Am J Respir Cell Mol Biol 2006;34:561-572.

Im E, von Lintig FC, Chen J, Zhuang S, Qui W, Chowdhury S, Worley
PF, Boss GR, Pilz RB. Rheb is in a high activation state and inhibits
B-Raf kinase in mammalian cells. Oncogene 2002;21:6356-6365.

Northrup H. Tuberous sclerosis complex: genetic aspects. J Dermatol
1992;19:914-9109.

Lesma E, Sirchia SM, Ancona S, Carelli S, Bosari S, Ghelma F, Montanari
E, Di Giulio AM, Gorio A. The methylation of the TSC2 promoter
underlies the abnormal growth of TSC2 angiomyolipoma-derived
smooth muscle cells. Am J Pathol 2009;174:2150-2159.

Rosner M, Hanneder M, Siegel N, Valli A, Hengstschlager M. The tu-
berous sclerosis gene products hamartin and tuberin are multifunc-
tional proteins with a wide spectrum of interacting partners. Mutat
Res 2008;658:234-246.

Ma J, Meng Y, Kwiatkowski DJ, Chen X, Peng H, Sun Q, Zha X, Wang
F, Wang Y, Jing Y, et al. Mammalian target of rapamycin regulates
murine and human cell differentiation through STAT3/p63/Jagged/
Notch cascade. J Clin Invest 2010;120:103-114.

Neshat MS, Mellinghoff IK, Tran C, Stiles B, Thomas G, Petersen R,
Frost P, Gibbons JJ, Wu H, Sawyers CL. Enhanced sensitivity of
PTEN-deficient tumours to inhibition of FRAP/mTOR. Proc Natl
Acad Sci USA 2001;98:10314-10319.

Goncharova EA, Goncharov DA, Damera G, Tliba O, Amrani Y,
Panettieri RA Jr, Krymskaya VP. Signal transducer and activator of
transcription 3 is required for abnormal proliferation and survival of
TSC2-deficient cells: relevance to pulmonary lymphangioleiomyo-
matosis. Mol Pharmacol 2009;76:766-777.

Huang J, Manning BD. The TSC1-TSC2 complex: a molecular switch-
board controlling cell growth. Biochem J 2008;412:179-190.

Glasgow CG, Taveira-Dasilva AM, Darling TN, Moss J. Lymphatic in-
volvement in lymphangioleiomyomatosis. Ann N Y Acad Sci 2008;
1131:206-214.

Glasgow CG, Avila NA, Lin JP, Stylianou MP, Moss J. Serum vascular
endothelial growth factor-D levels in patients with lymphangio-
leiomyomatosis reflect lymphatic involvement. Chest 2009;135:1293—
1300.

Yu L, Henske E. mTOR acitation, lymphangiogenesis and estrogen-
mediated cell survival: the ‘perfect storm’ of pro-metastatic factors in
LAM pathogenesis. Lymphat Res Biol 2010;8:43-49.

29.

30.

31.

33.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Goncharova EA, Goncharov DA, Lim PN, Noonan D, Krymskaya VP.
Modulation of cell migration and invasiveness by tumor suppressor
TSC2 in lymphangioleiomyomatosis. Am J Respir Cell Mol Biol 2006;
34:473-480.

Lee PS, Tsang SW, Moses MA, Trayes-Gibson Z, Hsiao LL, Jensen R,
Squillace R, Kwiatkowski DJ. Rapamycin-insensitive up-regulation of
MMP2 and other genes in TSC2-deficient LAM-like cells. Am J
Respir Cell Mol Biol 2010,42:227-234.

Chang WY, Clements D, Johnson SR. Effect of doxycycline on prolif-
eration, MMP production, and adhesion in LAM-related cells. Am J
Physiol Lung Cell Mol Physiol 2010;299:1.393-L400.

. Glassberg MK, Elliot SJ, Fritz J, Catanuto P, Potier M, Donahue R,

Stetler-Stevenson W, Karl M. Activation of the estrogen receptor
contributes to the progression of pulmonary lymphangioleiomyoma-
tosis via matrix metalloproteinase-induced cell invasiveness. J Clin
Endocrinol Metab 2008;93:1625-1633.

Moir L, Ng H, Poniris M, Santa T, Burgess J, Oliver B, Krymskaya VP,
Black JL. Doxycycline inhibits matrix metalloproteinase-2 secretion
from TSC2-null mouse embryonic fibroblasts and lymphangioleio-
myomatosis cells. Br J Pharmacol 2011;164:83-92.

. Odajima N, Betsuyaku T, Nasuhara Y, Inoue H, Seyama K, Nishimura

M. Matrix metalloproteinases in blood from patients with LAM.
Respir Med 2009;103:124-129.

Pachego-Rodriguez G, Steagall WK, Crook DM, Stevens LA, Hashimoto
H, Li S, Wang JA, Darling TN, Moss J. TSC2 loss in lymphangioleio-
myomatosis cells correlated with expression of CD44v6, a molecular
determinant of metastasis. Cancer Res 2007;67:10573-10581.

McCormack FX. Lymphangioleiomyomatosis: a clinical update. Chest
2008;133:507-516.

McCormack FX, Inoue Y, Moss J, Singer LG, Strange C, Nakata K,
Barker AF, Chapman JT, Brantly ML, Stocks JM, et al.; the National
Institutes of Health Rare Lung Diseases Consortium and the MILES
Trial Group. Efficacy and safety of sirolimus in lymphangioleiomyo-
matosis. N Engl J Med 2011;364:1595-1606.

Yu J, Parkhitko AA, Henske EP. Mammalian target of rapamycin sig-
naling and autophagy: roles in lymphangioleiomyomatosis therapy.
Proc Am Thorac Soc 2010;7:48-53.

Huang J, Wu S, Wu CL, Manning BD. Signaling events downstream of
mammalian target of rapamycin complex 2 are attenuated in cells and
tumors deficient for the tuberous sclerosis complex tumor sup-
pressors. Cancer Res 2009;69:6107-6114.

Goncharova EA, Goncharov DA, Li H, Pimtong W, Lu S, Khavin I,
Krymskaya VP. mTORC2 is required for proliferation and survival of
TSC2-null cells. Mol Cell Biol 2011;31:2484-2498.

Gan B, Yoo Y, Guan JL. Association of focal adhesion kinase with tu-
berous sclerosis complex 2 in the regulation of S6 kinase activation
and cell growth. J Biol Chem 2006;281:37321-37329.

Gaumann A, Schlitt HJ, Geissler EK. Immunosuppression and tumor
development in organ transplant recipients: the emerging dualistic
role of rapamycin. Transpl Int 2008;21:207-217.

Watz H, Oltmanns A, Kimmel S, Magnussen H, Wirtz H, Kirsten D.
Sporadic lymphangioleiomyomatosis. Clinical and lung functional char-
acteristics of 32 female patients. Dtsch Med Wochenschr 2008;133:705—
708.

Johnson SR. Lymphangioleiomyomatosis. Eur Respir J 2006;27:1056—
1065.

Donner LR, Manriquez M, Greene JF Jr. Minimal deviation spindle cell
melanoma: unusual histologic pattern in an 11-year-old black girl.
Pediatr Pathol 1998;8:401-407.

Flavin RJ, Cook J, Fiorentino M, Bailey D, Brown M, Loda MF. Beta-
catenin is a useful adjunct immunohistochemical marker for the di-
agnosis of pulmonary lymphangioleiomyomatosis. Am J Clin Pathol
2011;135:776-782.

Issaka RB, Oommen S, Gupta SK, Liu G, Myers JL, Ryu JH, Vlahakis
NE. Vascular endothelial growth factors C and D induces prolifera-
tion of lymphangioleiomyomatosis cells through autocrine crosstalk
with endothelium. Am J Pathol 2009;175:1410-1420.

Young LR, Vandyke R, Gulleman PM, Inoue Y, Brown KK, Schmidt
LS, Linehan WM, Hajjar F, Kinder BW, Trapnell BC, ef al. Serum
vascular endothelial growth factor-D prospectively distinguishes
lymphangioleiomyomatosis from other diseases. Chest 2010;138:674—
681.



Translational Review

49.

50.

S1.

52.

53.

54.

55.

56.

57.

8.

59.

60.

61.

62.

63.

Hirama M, Atsuta R, Mitani K, Kumasaka T, Gunji Y, Sasaki S, Iwase
A, Takahashi K, Seyama K. Lymphangioleiomyomatosis diagnosed
by immunocytochemical and genetic analysis of lymphangioleio-
myomatosis cell clusters found in chylous pleural effusion. Intern Med
2007;46:1593-1596.

Logginidou H, Ao X, Russo I, Henske EP. Frequent estrogen and proges-
terone receptor immunoreactivity in renal angiomyolipomas from women
with pulmonary lymphangioleiomyomatosis. Chest 2000;117:25-30.

El-Hashemite N, Walker V, Kwiatkowski DJ. Estrogen enhances whereas
tamoxifen retards development of Tsc mouse liver hemangioma: a tumor
related to renal angiomyolipoma and pulmonary lymphangioleiomyo-
matosis. Cancer Res 2005;65:2474-2481.

Zhe X, Schuger L. Combined smooth muscle and melanocytic differentiation
in lymphangioleiomyomatosis. J Histochem Cytochem 2004;52:1537-1542.

Matsumoto Y, Horiba K, Usuki J, Chu SC, Ferrans VJ, Moss J. Markers
of cell proliferation and expression of melanosomal antigen in lym-
phangioleiomyomatosis. Am J Respir Cell Mol Biol 1999;21:327-336.

Stennett LS, Riker AI, Kroll TM, Chamberlin J, Miki T, Nickoloff BJ, Le
Poole IC. Expression of gpl100 and CDK2 in melanoma cells is not co-
regulated by a shared promoter region. Pigment Cell Res 2004;17:525-532.

Klarquist J, Barfuss A, Kandala S, Reust MJ, Braun RK, Hu J, Dilling
DF, McKee MD, Boissy RE, Love RB, et al. Melanoma-associated
antigen expression in lymphangioleiomyomatosis renders tumor cells
susceptible to cytotoxic T cells. Am J Pathol 2009;175:2463-2472.

Wu K, Tazelaar HD. Pulmonary angiomyolipoma and multifocal micro-
nodular pneumocyte hyperplasia associated with tuberous sclerosis.
Hum Pathol 1999;30:1266-1268.

Karbowniczek M, Spittle CS, Morrison T, Wu H, Henske EP. mTOR is
activated in the majority of malignant melanomas. J Invest Dermatol
2008;128:980-987.

Werzowa J, Koehrer S, Strommer S, Cejka D, Fuereder T, Zebedin E,
Wacheck V. Vertical inhibition of the mMTORC1/mTORC2/PI3K pathway
shows synergistic effects against melanoma in vitro and in vivo. J Invest
Dermatol 2011;131:495-503.

Karbowniczek M, Robertson GP, Henske EP. Rheb inhibits C-raf
activity and B-raf/C-raf heterodimerization. J Biol Chem 2006;281:
25447-25456.

Wellbrock C, Rana S, Paterson H, Pickersgill H, Brummelkamp T,
Marais R. Oncogenic BRAF regulates melanoma proliferation
through the lineage specific factor MITF. PLoS ONE 2008;3:€2734.

Du J, Miller AJ, Widlund HR, Horstmann MA, Ramaswamy S, Fisher
DE. MLANA/MART1 and SILV/PMELI17/GP100 are transcription-
ally regulated by MITF in melanocytes and melanoma. Am J Pathol
2003;163:333-343.

Haluska FG, Tsao H, Wu H, Haluska FS, Lazar A, Goel V. Genetic
alterations in signaling pathways in melanoma. Clin Cancer Res 2006;
12:2301s-2307s.

Ho H, Kapadia R, Al-Tahan S, Ahmad S, Ganesan AK. WIPII coor-
dinates melanogenic gene transcription and melanosome formation
via TORCI1 inhibition. J Biol Chem 2011;286:12509-12523.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Kawakami Y, Suzuki Y, Shofuda T, Kiniwa Y, Inozume T, Dan K,
Sakurai T, Fujita T. T cell immune responses against melanoma and
melanocytes in cancer and autoimmunity. Pigment Cell Res 2000;13:
S163-S169.

Cebon J, MacGregor D, Scott A, DeBoer R. Immunotherapy of mela-
noma: targeting defined antigens. Australas J Dermatol 1997;38:S66—
S72.

Marks MS, Theos AC, Raposo G. Melanosomes and MHC class II
antigen-processing compartments: a tinted view of intracellular traf-
ficking and immunity. Immunol Res 2003;27:409-426.

Uchi H, Stan R, Turk MJ, Engelhorn ME, Rizzuto GA, Goldberg SM,
Wolchok JD, Houghton AN. Unraveling the complex relationship
between cancer immunity and autoimmunity: lessons from melanoma
and vitiligo. Adv Immunol 2006;90:215-241.

Rosenberg SA, Packard BS, Aebersold PM, Solomon D, Topalian SL,
Toy ST, Simon P, Lotze MT, Yang JC, Seipp CA, et al. Use of tumor-
infiltrating lymphocytes and interleukin-2 in the immunotherapy of
patients with metastatic melanoma: a preliminary report. N Engl J
Med 1988;319:1676-1680.

Riker AI, Radfar S, Liu S, Wang Y, Khong HT. Immunotherapy of
melanoma: a critical review of current concepts and future strategies.
Expert Opin Biol Ther 2007;7:345-358.

Lo AS, Ma Q, Liu DL, Junghans RP. Anti-GD3 chimeric sFv-CD28/T-
cell receptor zeta designer T cells for treatment of metastatic mela-
noma and other neuroectodermal tumors. Clin Cancer Res 2010;16:
2769-2780.

Toomey D, Conroy H, Jarnicki AG, Higgins SC, Sutton C, Mills KH.
Therapeutic vaccination with dendritic cells pulsed with tumor-
derived Hsp70 and a COX-2 inhibitor induces protective immunity
against B16 melanoma. Vaccine 2008;26:3540-3549.

Pennock GK, Waterfield W, Wolchok JD. Patient responses to Ipili-
mumab, a novel immunopotentiator for metastatic melanoma: How
different are these from conventional treatment responses? Am J Clin
Oncol (In press)

Lizée G, Radvanyi LG, Overwijk WW, Hwu P. Improving antitumor
immune responses by circumventing immunoregulatory cells and
mechanisms. Clin Cancer Res 2006;12:4794-4803.

Robila V, Ostankovitch M, Altrich-Vanlith ML, Theos AC, Drover S,
Marks MS, Restifo N, Engelhard VH. MHC class II presentation of
gpl100 epitopes in melanoma cells requires the function of conven-
tional endosomes and is influenced by melanosomes. J Immunol 2008;
181:7843-7852.

Boorjian SA, Sheinin Y, Crispen PL, Lohse CM, Leibovich BC, Kwon
ED. T-cell co-regulatory molecule expression in renal angiomyoli-
poma and pulmonary lymphangioleiomyomatosis. Urology 2009;74:
1359-1364.

Li S, Takeuchi F, Wang JA, Fuller C, Pacheco-Rodriguez G, Moss J,
Darling TN. MCP-1 overexpressed in tuberous sclerosis lesions acts as
a paracrine factor for tumor development. J Exp Med 2005;202:617—
624.



	link2external
	link2external
	link2external

