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The antibody HMB45 is used to diagnose lymphangio-
leiomyomatosis, a hyperproliferative disorder of
lung smooth muscle cells with mutations in both al-
leles of either TSC1 or TSC2. A subset of these tumor
cells expresses the melanoma-associated antigens
gp100 and melanoma antigen recognized by T cells
(MART-1). To explore the feasibility of targeting tu-
mors in lymphangioleiomyomatosis by melanoma
immunotherapy, we therefore assessed melanoma
target antigen expression and existing immune infil-
tration of affected tissue compared with normal lung
and melanoma as well as the susceptibility of cultured
lymphangioleiomyomatosis cells to melanoma reac-
tive cytotoxic T lymphocytes in vitro. Tumors ex-
pressed tyrosinase-related proteins 1 and 2 but not
tyrosinase, in addition to gp100 and MART-1, and
were densely infiltrated by macrophages, but not
dendritic cells or T cell subsets. Although CD8� lym-
phocytes were sparse compared with melanoma,
cells cultured from lymphangioleiomyomatosis tissue
were susceptible to cytotoxic, gp100 reactive, and
major histocompatibility complex class I restricted
CD8� T cells in functional assays. Responder T cells
selectively clustered and secreted interferon-� in re-
sponse to HLA-matched melanocytes and cultured
lymphangioleiomyomatosis cells. This reactivity

exceeded that based on detectable gp100 expres-
sion; thus , tumor cells in lymphangioleiomyomato-
sis may process melanosomal antigens different
from melanocytic cells. Therefore , boosting im-
mune responses to gp100 in lymphangioleiomyo-
matosis may offer a highly desirable treatment op-
tion for this condition. (Am J Pathol 2009, 175:2463–2472;

DOI: 10.2353/ajpath.2009.090525)

Lymphangioleiomyomatosis (LAM) is a disease that
strikes primarily women of child bearing age.1 Patients
with LAM develop cystic lung lesions and present with
dyspnea, pneumothoraces, chylous pleural effusions,
and progressive loss of lung function, often culminating in
lung transplantation.2 LAM can occur in patients with
hereditary tuberous sclerosis, due to loss of heterozygos-
ity in TSC1 or TSC2 genes.3,4 The prevalence of tuberous
sclerosis complex (TSC)-associated LAM in the United
States is approximately 1 in 35,000, or approximately a
third of patients with TSC.5 Loss of both alleles of either
TSC1 or TSC2 in sporadic LAM affects approximately 1
per million individuals.6 Thus, diseased cells in the latter
are generally clonal, whereas in patients with tuberous
sclerosis pleiotropic effects are best explained by sepa-
rate transformation events.

Following the identification of underlying mutations
responsible for the symptoms incurred in LAM and
intracellular signaling pathways affected by TSC1/TSC2
through the mammalian target of rapamycin complex,
proposed disease treatments have been aimed at the
hyperproliferative responses observed in mutant cells.7

The mammalian target of rapamycin inhibitor rapamycin
has been tested in phase 1 trials with mixed results.8 As
mammalian target of rapamycin inhibition affects primar-
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ily cell size and proliferation without inducing cell death in
mutant cells, clinical symptoms are not permanently al-
leviated. Rapamycin may be particularly useful in a pro-
phylactic setting, preventing cyst formation in patients
with TSC or patients who have undergone lung transplan-
tation for LAM to prevent recurrence.9

Patients with LAM are generally not given a diagnosis
for several years after the appearance of symptoms, and
a lung biopsy is sometimes required.10,11 HMB45 immu-
nostaining of lung tissue sections has proven a definitive
diagnostic marker for lymphangioleiomyomatosis.11 Thus
LAM cells express an epitope recognized by antibodies
to gp100, which is otherwise expressed exclusively by
melanocytic cells and frequently recognized by tumor
infiltrating T cells in malignant melanoma.12,13 These data
raised the intriguing question of whether LAM cells have
trans-differentiated to express molecules otherwise asso-
ciated with pigmentation, although melanin synthesis is
not commonly observed in LAM tissue.14

Melanosomes are organelles closely related to lyso-
somes, developing from endosomes after trafficking of
melanogenic enzymes by an intricate mechanism that
involves several multiprotein complexes including adap-
tor protein-3 and biogenesis of lysosome-related or-
ganelles complex 1 to 3.15 Tyrosinase is the rate limiting
enzyme for melanogenesis, supported by tyrosinase-re-
lated proteins (TRPs) 1 and 2; TRP-2 is also known as
dopachrome tautomerase and is involved in later steps of
melanogenesis. The melanosomal protein MART-1, a
melanoma antigen recognized by T cells, has a chaper-
one-like function that prepares the premelanosome for
melanin synthesis, and gp100 is responsible for the stri-
ation of early stage melanosomes important for melanin
deposition.16 Skin pigmentation is achieved when rip-
ened melanosomes are transferred to neighboring kera-
tinocytes in a process that is at least in part determined
by recipient cells.17 Melanization thus precedes or-
ganelle transfer to neighboring cells.

In addition to gp100, expression of MART-1 has been
reported in LAM.12 MART-1 is named for its recognition
by tumor infiltrating T cells.18 Both MART-1 and gp100
are also recognized by T cells that infiltrate the skin of
patients with autoimmune vitiligo, further supporting the
notion that expression can prime host cells for immune
destruction.19 Vaccines boosting immune responses
melanoma-associated antigens have since been devel-
oped and tested in clinical trials for the treatment of
malignant melanoma.20 Besides adoptive transfer of au-
tologous T cells, identification of T-cell epitopes and re-
active T cell receptor (TCR) molecules have enabled
additional vaccine strategies including administration of
adjuvant-supported antigen preparations or TCR trans-
genic T cells.21 As T cells also mediate autoimmune
responses in vitiligo, boosting immune responses di-
rected toward the gp100 and MART-1 antigens may be
an effective strategy to eradicate LAM cells.19

However, expression of gp100 as well as MART-1 is
observed in only a subset of LAM cells. This prompted a
wider investigation of melanoma-associated antigen ex-
pression, comparing expression within LAM tissue to nor-
mal lung and metastatic melanoma, and in vitro to mela-

noma cells and smooth muscle cells. Tissue infiltrating
leukocytes including macrophages, dendritic cells, and
CD4� and CD8� T cells found in LAM lung tissue were
also quantified and compared with normal lung tissue
and melanoma. The sensitivity of cell cultures derived
from LAM lung to relevant T cells was assessed in func-
tional in vitro assays. Techniques used include single and
double immunohistochemistry, light and electron micros-
copy, fluorescence activated cell scanning (FACS) anal-
ysis, chromium release assays, and enzyme-linked im-
munosorbent assay (ELISA). The data are important to
evaluate the potential of melanoma immunotherapy for
the treatment of LAM.

Materials and Methods

Patient Tissues

Fresh tissue was obtained from five patients with LAM
through the National Disease Research Interchange tis-
sue repository (Bethesda, MD). Control lung samples
were obtained from postmortem necropsies at Loyola
University Medical Center. Samples were snap frozen in
part, and 8 �m cryosections were cut and fixed in cold
acetone, then stored at �20°C until use. LAM diagnosis
provided by the National Disease Research Interchange
was confirmed by indirect HMB45 immunostaining (Da-
kopatts, Glostrup, Denmark). Melanoma samples from
three patients were obtained as resected tissue after
surgery. Frozen sections were subjected to single and
double immunostaining procedures, also described be-
low. All patient samples included in this study were ob-
tained with prior approval from the Institutional Review
Committee at Loyola University Medical Center or the
University of Chicago. Strict precautions were taken to
protect the patients’ identities throughout these studies.

Cell Culture

Fresh tissue samples from transplanted lung of five pa-
tients with advanced LAM disease were obtained from
the National Disease Research Interchange within 24
hours. Part of the tissue was snap frozen, another part
used for cell culture after over night shaking in an enzyme
cocktail of 1 mg/ml collagenase type IV (Sigma, St. Louis,
MO), 0.05 mg/ml thermolysin (Sigma), 0.1 mg/ml trypsin
(Invitrogen, Carlsbad, CA), and 30 U/ml DNaseI (Roche,
Madison, WI) followed by 70 �m cell straining (BD Fal-
con, Bedford, MA). Part of uncultured cells were frozen in
10% dimethyl sulfoxide (Sigma) in fetal bovine serum
(Atlanta Biologicals, Lawrenceville, GA). Another part
was plated in either of three media: Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen) with 2 mmol/L glu-
tamine (Invitrogen) and 10% heat-inactivated fetal bovine
serum and antibiotics 100 U/ml penicillin/100 �g/ml
streptomycin/250 ng/ml amphotericin (Invitrogen); or
RPMI 1640 (Invitrogen) with 10% heat-inactivated normal
human AB serum (Valley Biomedical, Inc, Winchester,
VA), 2 mmol/L glutamine (Invitrogen) and antibiotics 100
U/ml penicillin/100 �g/ml streptomycin/250 ng/ml ampho-
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tericin (Invitrogen); or Ham’s F12 (Mediatech, Manassas,
VA) with 10 ng/ml tetradecanoyl phorbol 13-acetate
(Sigma), 0.1 mmol/L isobutyl methyl xanthine (IBMX,
Sigma), 1% w/v UltroserG (Pall Life Sciences, New York,
NY), 2 mmol/L glutamine (Invitrogen) and antibiotics 100
U/ml penicillin/100 �g/ml streptomycin/250 ng/ml ampho-
tericin (Invitrogen). To confirm LAM origin of cultured
cells, cells were plated in LabTek glass chamber slides
(Nunc, Rochester, NY) or cytospun (Shandon/Thermosci-
entific, Watham, MA), fixed in cold acetone and immuno-
stained for smooth muscle actin (clone O.N.5, Genetex,
San Antonio, TX) and estrogen receptor-� (G-20 rabbit
polyclonal anti-human ER�, Santa Cruz Biotechnology,
Santa Cruz, CA) as described below. Cultures with �90%
cells expressing smooth muscle actin were used as LAM
cells. Staining was compared with pulmonary artery
smooth muscle cells (Invitrogen), maintained in Medium
231 with smooth muscle cell growth supplements
(Invitrogen).

M14 melanoma cells (American Type Tissue Collec-
tion, Manassas, VA) were cultured in DMEM (Invitrogen)
with 10% heat-inactivated fetal bovine serum and antibi-
otics 100 U/ml penicillin/100 �g/ml streptomycin/250
ng/ml amphotericin (Invitrogen). Cells were passaged 1:4
at confluency and plated in chamber slides for immuno-
histochemical analysis.

TIL1520 and tyrosinase reactive TCR transduced Jur-
kat cells22 were maintained in RPMI 1640 (Invitrogen)
with 10% heat-inactivated normal human AB serum (Val-
ley Biomedical, Inc), glutamine (Invitrogen) and antibiot-
ics 100 U/ml penicillin/100 �g/ml streptomycin/250 ng/ml
amphotericin (Invitrogen), glutamine (Invitrogen) and an-
tibiotics pen/strep/amphotericin (Invitrogen), with 500
IU/ml of interleukin-2 (R&D Systems, Minneapolis, MN).

Melanocytes and fibroblasts were isolated from other-
wise discarded normal human skin of anonymous do-
nors, after separating the dermis and epidermis by incu-
bation in 0.1% trypsin for 16 hours at room temperature.
Fibroblasts emigrating from dermal tissue were main-
tained in medium as described for M14 melanoma cells,
and melanocytes released from the epidermis were
plated in Ham’s F12 (Mediatech) with 10 ng/ml tetrade-
canoyl phorbol 13-acetate (Sigma), isobutyl methyl xan-
thine (IBMX, Sigma), 1% w/v UltroserG (Pall Life Sci-
ences), 2 mmol/L glutamine (Invitrogen), and antibiotics
100 U/ml penicillin/100 �g/ml streptomycin/250 ng/ml
amphotericin (Invitrogen). Both skin cell types were pas-
saged 1:4 on confluency.

Immunostaining Procedures

Slides were hydrated in Tris-buffered saline, and sub-
jected to predetermined dilutions of primary antibodies in
10% normal human serum (Valley Biomedical, Inc) in
Tris-buffered saline. Staining procedures were com-
pleted essentially as described.23 Briefly, specimen were
subsequently subjected to species specific (for single
staining procedures) or combinations of enzyme labeled
isotype specific (for double staining procedures) second-
ary antibodies reactive with the primary antibodies. In

double staining procedures, the enzyme alkaline phos-
phatase enzyme was detected first by dissolving 0.2
mg/ml Fast Blue BB (Sigma) in buffer containing levami-
sole and naphtol AS-MX phosphate (Sigma). Slides were
then exposed to a solution of 0.25 mg/ml amino ethyl
carbazole in dimethyl formamide added to 0.1 M NaAc
pH 5.2 with 0.03% H2O2. Red staining was developed
and slides were coverslipped in gelvatol (Dakopatts). For
single staining, only amino ethyl carbazole staining was
performed followed by hematoxilin counterstaining as in-
dicated before gelvatol coverslipping. Antibodies used
include HMB45 and NKI-Beteb to gp100 (Dakopatts and
Monosan/Cell Sciences, Canton MA, respectively), M2E9
to MART-1 (Covance, Denver, PA), Ta99 and 23 to TRP-1
(Monosan/Cell Sciences and BD BioSciences, San Jose,
CA, respectively), T311 to tyrosinase (NeoMarkers, Fre-
mont, CA), goat polyclonal antiserum to TRP-2 (Santa
Cruz Biotechnology), M42251 to CD3 (Fitzgerald Indus-
tries International, Inc, Concord, MA), SK3 to CD4 (BD
Biosciences), 32-M4 to CD8 (Santa Cruz Biotechnology),
B146 to CD11c (BD Biosciences), and KP1 to CD68
(Santa Cruz Biotechnology).

Electron Microscopy

Ultrastructural evaluation of LAM tissue and cultured cells
was performed essentially as previously described.24

Cultured LAM and control melanocytes were seeded into
Tissue-Tek chamber slides (Nunc, Inc) coated with 1%
pig gelatin, and fixed in wells with half-strength Kar-
novsky’s fixative in 0.2 M sodium cacodylate buffer at pH
7.2 for 30 minutes at room temperature. Fixed cells were
washed in buffer and treated with 1.0% osmium peroxide
containing 1.5% potassium ferrocyanide for 30 minutes.
Washed samples were stained en bloc with 0.5% uranyl
acetate for 30 minutes, dehydrated, and embedded in
Eponate 12. Samples were sectioned on an RMC MT
6000-XL ultramicrotome (Tucson, AZ). Ultrathin sections
were stained with aqueous solutions of uranyl acetate
(2%) and lead citrate (0.3%) for 15 minutes, then photo-
graphed in a JEOL JEM-100CX (Jeol, Ltd., Tokyo, Japan)
transmission electron microscope. For DOPA histochem-
istry, cells were incubated in a 0.1% solution of l DOPA
twice for 2.5 hours at 37°C before postfixation.

Cell Sorting

Tissue cells isolated by enzymatic digestion were sub-
jected to immunostaining by incubation in primary an-
tibody F7.2.38 to CD3 (BD Biosciences), followed by
incubation in fluorescein isothiocyanate-labeled anti-
mouse Ig (Southern Biotechnology Associates, Inc, Bir-
mingham, AL). A total of 106 washed cells were sub-
jected to FACS by using FACScanto instrumentation (BD
Biosciences). The FACScanto is a benchtop flow cytom-
eter that contains a 15 mW argon-ion laser and a red
diode laser and the capability for detection of six fluores-
cent detection channels, plus right and forward angle
scatter.
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HLA-A2 Restricted T-Cell-Mediated Killing

Target cells were plated as adherent cells and labeled
with 4 �Ci/well of 51Cr chromium for 4 hours. Besides
HLA-A2� and HLA-A2� LAM cells, melanocytes were
used as positive control, and fibroblasts as negative con-
trol targets. Cytotoxicity assays were performed essen-
tially as described.23 Briefly, after labeling, effector cells
TIL1520 (gp100 reactive) or h3T-transduced (HLA-A2
restricted tyrosinase reactive TCR-transduced) Jurkat
cells were added at 2:1, 4:1, and 8:1 effector target
ratios, with effector cells at constant concentrations. Cy-
totoxic responses were measured as chromium release
in the supernatant after 16 hours, in presence of Mi-
croscint40 in a Perkin Elmer gamma plate counter. Total
lysis was measured in presence of 1% Triton-X-100. All
measurements were performed in duplicate and experi-
ments were performed twice.

ELISA

Target cells were plated in three densities. Target cells
included LAM cells, melanocytes, and fibroblasts. Effec-
tor and target cells were combined essentially as de-
scribed for cytotoxicity experiments, omitting chromium.
Effector cells were TIL1520 melanoma derived or h3T
(TCR transgenic Jurkat cells). Sixteen hours after addition
of effectors, supernatants were collected and stored at
�20°C. Supernatants were included in an interferon
(IFN)-� ELISA (TIL1520 effectors) or an interleukin-2
ELISA (Jurkat effectors) performed according to manu-
facturers’ instructions. Briefly, IFN-� or interleukin-2 stan-
dard was added to control wells for comparison and an
ELISA plate precoated with 1D1K antibody to IFN-�
(MabTech, Mariemont, OH) or interleukin-2-I antibody to
interleukin-2 (MabTech) hosted the supernatants to be
tested. Wells were subsequently incubated with biotin-
ylated 7-B6 –1 antibody to human IFN-� (MabTech) or
biotinylated interleukin-2-II antibody to interleukin-2
(Mabtech), followed by a peroxidase-labled streptavidin
step. R&D Systems peroxidase substrate reagent was
added and the reaction was stopped by using 2N sulfuric
acid. Absorbance of the supernatants was measured in a
Polar Star Omega ELISA plate reader (BMG Labtech,
Offenburg, Germany) at 450 nm. Data were analyzed
by using MARS data analysis software (BMG Labtech,
Cary, NC).

Results

Expression of Melanoma-Associated Antigens in
LAM Tissue

As shown in representative images displayed in Figure 1,
besides gp100, TRP-1 was prominently expressed in
LAM lung tissue as well as in melanoma, but not in control
lung samples. No expression of tyrosinase was ob-
served. Expression was subsequently quantified as the
number of stained cells per microscopic field. It should
be noted that cell densities did not significantly differ

among tissue types (measured among two random sam-
ples representing each tissue type involved). Thus results
represented in Figure 1 are comparable with data repre-
senting relative densities of cells expressing melanoma-
associated antigens in LAM control lung and melanoma
tissue. The results in Figure 1C suggest that TRP-1 is
more widely expressed than gp100 in LAM, supporting
the notion that not all LAM cells are detected by HMB45
staining. Expression of TRP-1 was in fact more abundant
in LAM than in melanoma samples included in this study.
Also, expression of TRP-2 was comparable among LAM
and melanoma tissue, and increased over background
detection in normal lung. Recognition of LAM cells by
antibody M2–9E3 to MART-1 was marginally increased
over background staining in control lung, whereas ex-
pression of gp100 expression was increased over back-
ground yet the number of stained cells was substantially
less than in metastatic melanoma. The location of mela-
noma antigen-expressing LAM cells within affected LAM
lung tissue was evaluated by comparing single-stained
serial sections as well as by immuno-double staining in a
comparison with melanoma tissue as shown in Figure 2.
The gp100, MART-1, and TRP-2 gene products are ef-
fective targets for T cells in melanoma, whereas natural
TRP-1 is known as a humoral target antigen.

Characterization of Cultured LAM Cells

Expression of gp100 was assessed among three cell
cultures initiated from LAM lung tissue and maintained in
low passage (�5). Among LAM cell cultures, all abun-
dantly expressed �-smooth muscle actin and estrogen
receptor-� in comparison with pulmonary artery smooth
muscle cells, expressing only actin but not estrogen re-
ceptors as demonstrated in Figure 3. This confirms a
smooth muscle cell origin for the LAM-derived cultures
and supports the disease association of cells. A repre-
sentative example of gp100 expression is also shown in
Figure 3, in comparison with similar expression in M14
melanoma cells. Analysis of cytospins for four LAM cul-
tures maintained in DMEM with fetal bovine serum and
antibiotics indicate expression of TRP-1 by 16.6% of cul-
tured cells, gp100 by 13.4%, and MART-1 by 21.2% of
cultured cells. Among culture media, serum supple-
mented DMEM proved the superior culture media for
propagating LAM cells and maintaining melanoma-asso-
ciated marker expression for four out of five cultures
initiated (not shown). Tyrosinase expression was never
observed. Interestingly, expression of TRP-1 was main-
tained even in later passages (not shown) implying that
reduced expression of melanosomal markers by cultured
LAM cells over time may be due to antigen loss in cul-
tures rather than to selective advantage of non-LAM cells.

Cultured LAM cells in early passage derived from three
patients with LAM demonstrated melanosome-like or-
ganelles (Figure 4). The morphology of these organelles
resembled those observed in LAM lung tissue specimens
(not shown) that were similar to Stage I and II melano-
somes. In concordance with an absence of tyrosinase
expression and detectable melanin deposition, struc-
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tures resembling Stage III and IV melanosomes were not
observed. In keeping with the role of gp100 and MART-1
in structural features of melanosomes, LAM cells in a later
passage (passage 3) that lost expression of HMB-45 and
MART-1 lacked melanosome-like organelles (not shown).

Immune Infiltrates in LAM Lung

Tissues from five patients with LAM, three healthy control
lungs, and three metastatic melanoma specimens were
assessed for immune infiltration by measuring the relative
abundance of T cells and T-cell subsets, macrophages,

and dendritic cells. Representative stainings are shown
in Figure 5A by a comparison with normal lung. In Figure
5B, T cell abundance in LAM lung tissue is quantified by
FACS analysis, demonstrating approximately 4% T cells
among tissue homogenates of LAM lung. This enables a
comparison with the numbers of infiltrating cells quanti-
fied in Figure 5C, which also includes a comparison with
immune cells observed in metastatic melanoma speci-
men. From these data it was apparent that T cell immu-
nosurveillance was similar among normal and LAM lung
tissues at approximately 4% of cells or 40 CD3� T cells
per microscopic field, doubling in melanoma tissues to
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Figure 1. A: Expression of melanocyte differentiation markers in LAM tissue. Gp100 expression in lung tissue from patient sample LAM08123 detected by
NKI-Beteb. Upper left: LAM lung. Lower right: control lung NL08122. Scale bar � 50 �m. B: Expression of TRP-1 detected by antibody Mel5 in patient sample
LAM0841 and NL08122 control lung tissue. Upper left: LAM lung. Lower right: control lung. Magnification as in A. C: Quantification of gp100, MART-1, TRP-1,
TRP-2, and tyrosinase expression in LAM lung tissues (n � 5) compared with control lung (n � 3) and metastatic melanoma specimen (n � 3). The expression
of melanoma associated markers by cells in varied particularly among LAM samples. In this respect, the average number of stained cells per microscopic view
ranged from 11.3 to 140.3 for gp100, from 1.7 to 30.3 per MART-1, from 2.0 to �304.4 for TRP-1, and from 0 to 55.7 for TRP-2.
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Figure 2. Colocalization melanoma marker
expression in LAM. Colocalization of melanoma-
associated antigens shown by comparing single-
stained serial sections of LAM0803, and immuno-
double stainings of LAM08123. A: Reconstructed
full section of control immunostaining (without
primary antibody) and hematoxilin counterstained
LAM0803 frozen tissue, with colored boxes indi-
cating areas of interest for immunostaining with
different primary antibodies selected as shown in
red (� smooth muscle actin), blue (gp100), green
(MART-1), pink (TRP-1), and turquoise (TRP-2). B
and C: �-smooth muscle actin expression and six-
fold magnification, respectively. D and E: gp100
expression and magnification. F and G: MART-1
expression and magnification. H and I: TRP-1 ex-
pression and magnification. J and K: TRP-2 ex-
pression and magnification. Subsets of lesional
cells expressing either MART-1 (alkaline phospha-
tase label in blue) or gp100 (horseradish peroxi-
dase label in red), or both (purple cells) were
revealed in immuno-double stainings of (L) LAM
specimen LAM08123 compared with (M) meta-
static melanoma specimen MEL0610. Scale bars �
500 �m (A and B); 50 �m (L). Arrows identify
cells stained in respective colors.
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approximately 80 per microscopic field. At the same time,
CD11c� dendritic cells were 50% more abundant in LAM
lung compared with control lung tissue. Macrophage
infiltrates were abundant in LAM lung tissue and in mel-
anoma, at approximately 125, a fivefold increase over
normal lung tissue. Thus active immune surveillance is
limited in LAM tissue.

Susceptibility of LAM Cells to Gp100 Reactive T
Cells

TIL1520 is an HLA-A*0201 restricted T-cell line that has
been developed from a melanoma patient, and carries
�95% reactivity to gp100209–217. HLA-matched cells in
early passage cultured from resected lung tissue of a
patient with advanced LAM disease were used as target
cells. Less than 5% of cultured target cells expressed
gp100 detectable by immunostaining at this stage. In
cytotoxicity assays, however, TIL1520 were cytotoxic to-
ward 62% of the cells in overnight assays as shown in
Figure 6A, superseding optimal killing achieved in that
time frame of HLA-matched melanocytes and melanoma
cells at up to 25%, likely reflecting low effector/target
ratios used to optimize detectable differences in cytotox-
icity. To further confirm that cytotoxicity was HLA-A2 re-
stricted and antigen specific, T-cell responses to target
cells were compared by light microscopy and ELISA of
IFN-� production by TIL1520 in response to HLA-A2�

LAM0806 cells versus positive control, HLA-A2� Mf0627

A

B

C

D

Figure 3. Identification of cultured LAM cells. A and B: Expression of
�-smooth muscle actin and estrogen receptor-� expression respectively in
cultured LAM cells LAM0804P2 (lower left corners) versus primary smooth
muscle cells from pulmonary artery in passage 3 (upper right corners), and
an example of clearly detectable gp100 expression in LAM cells LAM0804P2
(C) versus M14 melanoma cells in red; hematoxilin counterstaining (D).
Tyrosinase expression was not observed in cultured LAM cells. Scale bars: 50
�m (A and B); 33 �m (C and D).

Figure 4. Ultrastructural observation of premelanosomes in cultured LAM
cells. A: Cultured cells in passage 2 demonstrating three cells with melano-
some-like organelles (arrows) and one cell (asterisk) devoid of melano-
some-like organelles. Inset: higher magnification of an organelle containing
filaments (arrowheads) and floccular material (asterisks) resembling a
Stage II melanosome. B and C: Cultured cells also in passage 2 from another
two patients demonstrating melanosome-like organelles (arrows) with fila-
ments (arrowheads). G � Golgi apparatus; M � mitochondria. Scale bars:
5 �m (A); 0.5 �m (B); 0.2 �m (C); inset � 0.1 �m (A and C).
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melanocytes and negative control, HLA-A2� Mf0629 me-
lanocytes as well as HLA-A2� Ff0627 fibroblasts. Data in
Figure 6, B and C, demonstrate that LAM cells induce
T-cell clustering and IFN-� production by gp100-reactive
T cells, increasing with increasing target cell numbers.
Similarly, responses by tyrosinase responsive, HLA-A2�,
tyrosinase TCR transgenic Jurkat T cells were measured
in presence of HLA-matched LAM0803 and unmatched
LAM0847 cells, compared with HLA-matched Mf0627
and unmatched Mf0629 melanocytes. In these experi-
ments (Figure 6C), tyrosinase reactive T cells were not
activated by LAM cells, reflective of a lack of tyrosinase
expression in LAM. Thus immunotherapy not directed at
tyrosinase can be a viable option for treatment of LAM.

Discussion

LAM cells have a dysregulated cell cycle, exemplified by
hyperproliferative smooth muscle cells that arise from or
invade the lungs.6,11 Patients can also develop abdomi-
nal tumors including renal angiomyolipomas, and recent
data suggest that lung lesions may arise in response to
estrogen effects on cell trafficking through lymphatic ves-
sels.25 Slow disease progression argues against LAM as
an aggressive form of cancer, yet the disease is associ-
ated with cancer features including loss of heterozygos-
ity, a dysregulated cell cycle, unbridled cell proliferation
and tumor formation, loss of contact inhibition, metasta-
sis, and patient mortality. Rapamycin treatment holds
promise for LAM yet there are concerns about the devel-

opment of resistance, and this treatment primarily inhibits
proliferation without resolving existing LAM lesions.7 In
this regard LAM cells expressing the hallmark gp100
molecule will be particularly resistant to anti-proliferative
treatment given an inverse relationship between HMB45
and PCNA expression.26 The findings described here
demonstrate that cells expressing markers of melanocyte
differentiation may instead be targeted by immune medi-
ated mechanisms, complementing existing forms of treat-
ment. HMB45 reactivity is associated with expression of
gp100, which is accompanied by MART-1 primarily yet
not exclusively in the same cells. Similarly, TRP-1 expres-
sion and expression of TRP-2 was consistently found in
LAM lesions, with TRP-1 expression being particularly
wide-spread. The data imply that antibodies to TRP-1
offer improved sensitivity for detection of LAM lesions
and may thus offer superior diagnostic criteria for LAM.
Of great interest to LAM treatment is the option to over-
come tolerance to this self-antigen by immunizing with a
vaccine that includes heteroclytic epitopes.27 Given the
consistency of the expression patterns observed, pro-
moter demethylation may contribute to expression of
most genes encoding melanosomal proteins, whereas
the tyrosinase gene may have additional silencing mech-
anism in place or require expression of additional acti-
vating transcription factors. Alternatively, there may be
selective pressure toward silencing an already activated
tyrosinase encoding gene.

LAM cells also demonstrated susceptibility to T-cell
mediated cytotoxicity, and T cells were activated in pres-
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Figure 5. Immune infiltrates in LAM lung tissue.
A: Representative examples comparing the
abundance of immune cells in LAM (lower
left) with normal lung (upper right) specimen.
Tissue specimen LAM0876 and normal lung se-
quentially displaying immunostaining obtained
with antibodies to pan-T cell marker CD3; CD4;
CD8; CD11c; and CD68; and a double staining
for NKI-Beteb to gp100 (in red) and CD3 (in
blue) of LAM lung specimen LAM08125 and nor-
mal lung NL08122. B: FACS analysis of CD3�

pan-T cells in LAM lung. The blue line repre-
sents fluorescein isothiocyanate labeled, CD3
expressing cells among LAM0805 tissue homog-
enates and the red line represents unstained
cells from the same tissue (background fluores-
cence). C: Abundance of CD11c� dendritic
cells, CD68� macrophages, CD3� pan-T cells,
and CD8� cytotoxic T cells compared in mela-
noma, LAM lung, and control lung tissue. SDs
varied from 9.3 for CD8� cells observed in LAM
as well as control lung tissue to 121.0 for
CD11c� cells in melanoma tumors, reflecting
the range of infiltrating cell numbers observed
among individual samples within tissue types.
In this respect, taking CD68 expression as an
example, average counts per optical field
ranged from 28 to 32 for normal lung, 26 to 128
for LAM lung, and 115 to 183 among individual
melanoma samples.
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ence of LAM cells and melanocytes, but not by mis-
matched target cells. After FACS sorting of gp100high

versus gp100low cells, cytotoxicity analysis revealed a
trend of enhanced reactivity toward LAM target cells with
increased expression of gp100 (not shown). As expres-
sion of gp100 was detectable only in a subset of cultured
LAM target cells, the data suggest that gp100-reactive T
cells can kill LAM cells without detectable gp100 expres-
sion. LAM cells express only immature melanosomal
structures, and intracellular processing, expression and
maturation/degradation patterns of gp100 and other mel-
anoma-associated antigens in LAM cells may differ from
that observed in melanocytes or melanoma cells.28 It is
remarkable that cytotoxicity was observed toward 62% of
targeted cells, whereas expression of gp100 was ob-
served among, on average, 13.4% of cultured LAM cells
and verified for only 5% of the HLA-A2� cells targeted in
the cytotoxicity assays. Taking into account that 100% of
cells within the culture expressed �-smooth muscle actin,
confirming their smooth muscle cell origin; that the ma-
jority of these cells expressed the estrogen receptor not
otherwise expressed by smooth muscle cells; and that
TIL1520 is exclusively cytotoxic against cells expressing
the unique gp100209–217 peptide processed and pre-
sented in the context of HLA-A2, it is reasonable to as-
sume that at least 62% of cultured cells in second pas-
sage were LAM cells. A potential contribution of altered
trafficking of gp100 is supported by melanocyte surface
expression of gp100 detectable by antibody NKI-Beteb
(but not HMB45), which was not observed on LAM cells
(not shown). Effective presentation of peptides derived
from such antigens in the context of HLA-A2 by LAM cells

was not demonstrated previously, nor was reactivity
noted to melanoma-associated antigens presented by
LAM-derived tissue cells. In this light the expression,
processing, and presentation of gp100 by LAM cells is
significant. Reactivity to tyrosinase, an antigen frequently
targeted by melanoma infiltrating T cells as well, was also
assessed. Testing for susceptibility to tyrosinase-reactive
T cells was completed by using Jurkat cells expressing a
high affinity transgenic TCR, which respond to their cognate
antigen by interleukin-2 secretion.22,29 No interleukin-2 se-
cretion was noted in response to LAM cells, supporting
absence of tyrosinase expression and melanogenesis in
LAM cells.14

Since lung infiltrating T cells were no more prevalent in
LAM lungs than in lung tissues from control individuals,
the data imply that aberrant expression of melanoma
differentiation antigens in LAM has not led to breaking of
tolerance or to marked immune reactivity to these mole-
cules. Indeed by comparing the numbers of infiltrating
immune cells per area of tissue (reflecting similar num-
bers of cells for individual tissue types), it was clearly
shown that tumor growth was not accompanied by en-
hanced immune infiltration. Differences in T cell numbers
between LAM lung and melanoma tissue can be as-
cribed primarily to reduced numbers of cytotoxic T cells
found in the lung. Indeed the CD4:CD8 ratios calculated
from the present data are similar for control and LAM
lung, and much reduced compared with melanoma (not
shown). Tolerance to immunogenic melanocyte antigens
remains in place despite the fact that dendritic cells are
relatively more abundant in LAM. In part this discrepancy
may be explained by “lesional exclusion” observed in
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Figure 6. Melanoma-derived, gp100 reactive T cells re-
spond to LAM cells. A: Graph representing cytotoxicity
of TIL1520 toward LAM0803 P2 HLA-matched LAM cells,
624.38 HLA-A*0201� melanoma cells, and Mf0509 P5
and Mf0639 P3 matched and unmatched human mela-
nocytes, respectively. Note responses to HLA-A2� tar-
gets only, with superior reactivity toward LAM cells. B:
Light micrographs of TIL1520 combined with (sequen-
tially) Ff0627 P2 human HLA-A2� fibroblasts, Mf0627 P2
HLA-A2� human melanocytes, Mf0629 P2 HLA-A2� hu-
man melanocytes, LAM0806 P3 HLA-A2� LAM cells,
LAM0840 P3 HLA-A2� LAM cells, and TIL1520 alone.
Note clustering of T cells only in combinations with
HLA-A2�, gp100 expressing target cells. C: Supernatants
(left) from B show IFN-� secretion by 10,000 gp100
reactive TIL1520 T cells at 20:1, 5:1, and 2:1 effector/
target ratios after 3 days; note responses only to HLA-
A2�, gp100 expressing target cells. Right: interleukin-2
secretion by tyrosinase TCR Tg Jurkat cells in response to
HLA-matched LAM0803 P3 and Mf0627 P4, and un-
matched LAM0847 P3 and Mf0629 P4; note responses to
HLA-A2�, tyrosinase expressing melanocytes only.
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LAM as well as in melanoma tissue, where immune cells
are kept at bay, apparently incapable of infiltrating dis-
eased tissue that can provide access to targetable anti-
gens to initiate an immune response. These findings
leave room for improvement by vaccines directed at tar-
geting the melanosomal target antigens newly expressed
in the lung. At the same time, infiltration by macrophages
is markedly increased in lung tissue affected by LAM,
where numbers of infiltrating macrophages are similar to
those observed in melanoma. Macrophages have been
both negatively and positively associated with tumor
prognosis in the past, and their role in LAM remains to be
elucidated.30,31

In conclusion, here the novel finding is reported that
hyperproliferative cells in the lungs of patients with LAM
disease are susceptible to cytotoxic T lymphocyte-
mediated immune targeting directed against melanoma
antigens. Existing immune responses are tempered,
whereas LAM cells express a variety of highly immuno-
genic melanosomal proteins. It will be of great interest to
explore treatment opportunities for LAM by existing anti-
melanoma vaccines including but not limited to immune
enhancing interleukin-2 treatment, peptide vaccines with
and without adjuvants, peptide pulsed autologous den-
dritic cells, and TCR transgenic T cells in clinical trials
at this time.32,33 The window of opportunity for treatment
is higher for these slow-growing tumors compared with
metastatic melanoma. Note that rapamycin is known to
block interleukin-2 activation, important for T-cell activa-
tion in effective anti-tumor responses.34 Potentially neg-
ative interactions with rapamycin treatment, a known im-
munosuppressant, should thus be considered when
treating LAM with existing melanoma vaccines.
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