Sl Prevention of Alveolar Destruction and Airspace Enlargement in a Mouse

Tﬁé‘gliztiﬁ“al Model of Pulmonary Lymphangioleiomyomatosis (LAM)

Elena A. Goncharova et al.

MAMS| Sci Transl Med 4, 154ral34 (2012);

DOI: 10.1126/scitransimed.3003840

Editor's Summary

On the LAM, in Search of Treatments

Typically diagnosed in women of childbearing age or in patients with tuberous sclerosis (a genetic disease
associated with nonmalignant tumors in the brain and other organs), pulmonary lymphangioleiomyomatosis (LAM) is a
rare disease that results in proliferation of smooth muscle -like cells in the lung and destruction of the surrounding
normal lung tissue, leading to progressive respiratory problems. LAM can also cause benign tumors in other organs
such as the kidneys. Although antiestrogen medications have been used to treat this disorder, these drugs have major
side effects and have to be used indefinitely because they do not cure the disease. Now, Goncharova and colleagues
have developed a mouse model that recapitulates the key clinical features of LAM and shows promising results after
treatment with a combination of medications.

Even in patients who do not have tuberous sclerosis, LAM is associated with inactivating mutations in tuberous
sclerosis complex (TSC) genes, which encode tumor suppressor proteins. The authors found that injection of kidney
tumor cells derived from mice lacking one of these genes, TSC2, into nude mice produced symptoms that are similar
to those seen in human LAM disease. These mice developed LAM-like lung lesions, which accumulated around blood
vessels and airways, as well as inflammation and destruction of surrounding normal lung tissue. Using this mouse
model, the authors demonstrated that simvastatin (a commonly used cholesterol-lowering drug) and rapamycin (an
immunosuppressive medication) displayed an additive effect on LAM lesions, inhibiting their growth. In addition, the
authors showed that simvastatin decreased the destruction of normal lung tissue, which rapamycin alone did not do.

The rapamycin-simvastatin treatment combination did not cure LAM in the mice, and more research is needed
to determine whether these promising findings will translate to human patients. However, the two drugs are already
approved for use in human subjects for other indications. Thus, the current study brings this treatment regimen one
step closer to the clinic ——and to a more tolerable long-term therapy for LAM.

A complete electronic version of this article and other services, including high-resolution figures,
can be found at:
http://stm.sciencemag.org/content/4/154/154ra134.full.html

Supplementary Material can be found in the online version of this article at:
http://stm.sciencemag.org/content/suppl/2012/10/01/4.154.154ra134.DC1.html

Information about obtaining reprints of this article or about obtaining permission to reproduce this
article in whole or in part can be found at:
http://www.sciencemag.org/about/permissions.dtl

Science Translational Medicine (print ISSN 1946-6234; online ISSN 1946-6242) is published weekly, except the
last week in December, by the American Association for the Advancement of Science, 1200 New York Avenue
NW, Washington, DC 20005. Copyright 2012 by the American Association for the Advancement of Science; all
rights reserved. The title Science Translational Medicine is a registered trademark of AAAS.

Downloaded from stm.sciencemag.org on October 3, 2012


http://stm.sciencemag.org/content/4/154/154ra134.full.html
http://www.sciencemag.org/about/permissions.dtl
http://stm.sciencemag.org/

RESEARCH ARTICLE

PULMONARY LYMPHANGIOLEIOMYOMATOSIS

Prevention of Alveolar Destruction and Airspace
Enlargement in a Mouse Model of Pulmonary
Lymphangioleiomyomatosis (LAM)

Elena A. Goncharova,’ Dmitry A. Goncharov,’ Melane Fehrenbach,’ Irene Khavin,’
Blerina Ducka,’ Okio Hino,”> Thomas V. Colby,> Mervyn J. Merrilees,* Angela Haczku,'
Steven M. Albelda,"* Vera P. Krymskaya'*

Pulmonary lymphangioleiomyomatosis (LAM) is a rare genetic disease characterized by neoplastic growth of atypical
smooth muscle-like LAM cells, destruction of lung parenchyma, obstruction of lymphatics, and formation of lung
cysts, leading to spontaneous pneumothoraces (lung rupture and collapse) and progressive loss of pulmonary
function. The disease is caused by mutational inactivation of the tumor suppressor gene tuberous sclerosis complex 1 (TSCT)
or TSC2. By injecting TSC2-null cells into nude mice, we have developed a mouse model of LAM that is characterized by
multiple random TSC2-null lung lesions, vascular endothelial growth factor-D expression, lymphangiogenesis, de-
struction of lung parenchyma, and decreased survival, similar to human LAM. The mice show enlargement of alveolar
airspaces that is associated with progressive growth of TSC2-null lesions in the lung, up-regulation of proinflammatory
cytokines and matrix metalloproteinases (MMPs) that degrade extracellular matrix, and destruction of elastic fibers.
TSC2-null lesions and alveolar destruction were differentially inhibited by the macrolide antibiotic rapamycin (which in-
hibits TSC2-null lesion growth by a cytostatic mechanism) and a 3-hydroxy-3-methylglutaryl coenzyme A reductase
inhibitor, simvastatin (which inhibits growth of TSC2-null lesions by a predominantly proapoptotic mechanism). Treat-
ment with simvastatin markedly inhibited MMP-2, MMP-3, and MMP-9 levels in lung and prevented alveolar destruc-
tion. The combination of rapamycin and simvastatin prevented both growth of TSC2-null lesions and lung destruction
by inhibiting MMP-2, MMP-3, and MMP-9. Our findings demonstrate a mechanistic link between loss of TSC2 and
alveolar destruction and suggest that treatment with rapamycin and simvastatin together could benefit patients with

LAM by targeting cells with TSC2 dysfunction and preventing airspace enlargement.

INTRODUCTION

Pulmonary lymphangioleiomyomatosis (LAM), a rare lung disease af-
fecting predominantly women of childbearing age (1), is caused by
mutational inactivation of the tumor suppressor gene tuberous sclerosis
complex 1 (TSCI) or TSC2. LAM can be sporadic (LAM-S) or asso-
ciated with hamartoma syndrome tuberous sclerosis (LAM-TS) and is
characterized by neoplastic growth of smooth muscle (SM)-like LAM
cells, destruction of lung parenchyma, formation of lung cysts, and
obstruction of lung lymphatics. Patients exhibit shortness of breath,
spontaneous pneumothoraces (lung rupture and collapse), and chylo-
thorax (obstruction of the thoracic duct and leakage of lymphatic fluid
into the pleural space) (I). TSCI mutations cause a less severe clinical
phenotype than do TSC2 mutations (2). In addition, about 40% of LAM-S
and 80% of LAM-TS patients develop angiomyolipomas (AMLs)—
benign tumors of SM, blood vessels, and fat cells in the kidney (1). It is
not known how LAM cells deficient for TSC2 cause destruction of lung
parenchyma or whether lung destruction in LAM can be ameliorated.

TSC1/TSC2 regulates mammalian target of rapamycin (mTOR),
which forms two functionally distinct complexes: rapamycin-sensitive
mTORCI and rapamycin-insensitive mTORC2 (3). Rapamycin-insensitive

'Department of Medicine, University of Pennsylvania, Philadelphia, PA 19104, USA.
“Department of Pathology and Oncology, Juntendo University School of Medicine, Tokyo
170-8455, Japan. “Department of Laboratory Medicine and Pathology, Mayo Clinic,
Scottsdale, AZ 85259, USA. “Department of Anatomy with Radiology, University of
Auckland, Auckland 92019, New Zealand. *Wistar Institute, Philadelphia, PA 19104, USA.
*To whom correspondence should be addressed. E-mail: krymskay@mail.med.upenn.
edu

regulation of the actin cytoskeleton occurs through mTORC2-dependent
regulation of RhoA and Racl guanosine triphosphatases (GTPases)
(3, 4), and Racl is required for mTOR activation (5). In TSC2-null
and human LAM cells, Rho GTPase activity is required for cell adhe-
sion, motility, proliferation, and survival (6-8). The invasive cell phe-
notype is associated with up-regulation of matrix metalloproteinases
(MMPs), and loss of TSC2 causes up-regulation of MMPs (9-11).

The discovery that TSC2 functions as a negative regulator of
mTORCI (3, 12-14) led to clinical trials that tested the effect of the
rapamycin analog sirolimus on LAM disease (15, 16). At nanomolar con-
centrations, rapamycin forms a complex with the immunofilin FKBP12
that allosterically inhibits mTORCI (3). In some patients with LAM,
sirolimus slows disease progression (15). Cessation of therapy, how-
ever, is associated with regression of pulmonary function (15). Thus,
there is a need for alternative therapies to treat pulmonary LAM that
target LAM cell survival and the cystic airspace enlargement.

In a recent study, we used the combination of rapamycin and
simvastatin to abrogate TSC2-null tumor recurrence in mice carrying
TSC2-deficient xenographic flank tumors (8). Simvastatin, a 3-hydroxy-
3-methylglutaryl coenzyme A reductase inhibitor that modulates lipid
metabolism, shows pleiotropic effects including inhibition of Rho
GTPases, prevention of cancer (17), and prevention of experimental em-
physema (18). However, the generalizability of drug effects on the TSC2-
null flank tumors is limited and is unlikely to predict responses of the
LAM lung.

A major limitation in understanding the mechanism of lung destruc-
tion in LAM and in identifying new therapeutic strategies has been the
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lack of a good animal model (19). Homozy-
gous TSCI”~ and TSC2”" mice are embry-
onic lethals (19), and the major spontaneous
tumors in heterozygous TSCI"'~ and TSC2"~
mice are kidney cystadenomas and liver
hemangiomas (19). The spontaneous oc-
currence of lung tumors without apparent
destruction of lung parenchyma in het-
erozygous TSCI™~ and TSC2""~ mice and
in Eker rats with naturally occurring TSC2
mutations is extremely rare and only occurs
late in the animals’ life (19). Thus, an exper-
imental mouse model with TSC2-null
lesions that shows lung parenchymal
changes would be useful to identify mech-
anisms of alveolar destruction in LAM
and to develop therapeutic strategies to
prevent these changes. Here, we report the
development of a TSC2-null mouse LAM
model that can be used to investigate the
link between TSC2 loss and cystic destruc-
tion in LAM. We also characterize the effect
of two drugs (rapamycin and simvastatin)
on emphysematous lung destruction.

RESULTS

TSC2 loss induces lung lesions
Circulating LAM cells have been isolated
from peripheral blood (20) and chylous
effusions (21), suggesting that LAM cells
may behave like metastatic tumor cells.
However, the TSC2-related renal lesions
such as AMLs, renal oncocytoma, and re-
nal cell carcinoma (RCC) in human LAM
(22) or cystadenoma and RCC in mice
(19) are considered benign and cannot
be classified as true RCC because they
are not of renal epithelial origin (23).

To develop an animal model of LAM,
we used TSC2-null cells derived from
mouse kidney lesions that can spontane-
ously develop in heterozygous TSC2*'~
mice (19, 24). Because these cells rarely
formed lung lesions when directly injected
into the tail vein of nude mice, we en-
hanced their neoplastic characteristics
as follows (fig. S1). Cells from kidney le-
sions were injected into the flanks of athymic
nude mice. The resulting tumors were dis-
sociated, and cells were passaged. These
TSC2-null tumor cells show mTORCI ac-
tivation, high proliferation rate without
growth factor stimuli, migration, invasive-
ness, and SM a-actin expression similar
to human LAM cells (Figs. 1, A and B,
and 3A and fig. S2A) (7, 12, 25, 26).
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Fig. 1. TSC2-null lung lesions induce alveolar destruction. (A) Immunoblot analysis of TSC2-null and
TSC2-positive LLC cells with specific antibodies to detect indicated proteins. (B) DNA synthesis and
invasion of TSC2-null, control epithelial NMuMG (Contr), human LAM cells, and control human lung
fibroblasts (HLF). Data are means * SE from three independent measurements. **P < 0.001 for Contr
versus TSC2-null and HLF versus LAM by analysis of variance (ANOVA) (Bonferroni-Dunn). (C) Lungs of
vehicle-injected (Control) and TSC2-null cell-injected female NCr athymic nude (NCRNU-M) mice at
day 15 after injection. (D) H&E analysis of lungs at day 15 after tail vein injection of vehicle (Control) or
TSC2-null, LLC, or TSC2™*p537~ cells. Scale bars, 100 um (top) and 1000 um (bottom). (E and F) Anal-
ysis of MLI (E) and MAAA (F) of lungs from NCRNU-M and C57BL/6J mice at day 15 after injection of
vehicle (Contr) or TSC2-null, LLC, or TSC2**p53™" cells. Data are means + SE of n > 8 in each group by
ANOVA (Bonferroni-Dunn). **P < 0.001 for Contr versus TSC2-null cell-injected NCRNU-M mice; *P <
0.05 for Contr versus TSC2-null cell-injected C57BL/6J mice.
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Injection of the TSC2-null tumor cells into the tail veins of nude mice
induced growth of multiple lesions in the lung (Figs. 1, C and D, and 2
and figs. S3 and S4). No visible tumors were observed in kidney,
spleen, liver, heart, intestine, or uterus.

TSC2-null lesions induce alveolar destruction and
airspace enlargement in lungs
In pulmonary LAM, it is not known whether airspace enlargement
occurs as a result of TSC2 loss in LAM cells. To address this question,
we performed morphometric analysis of lungs from control mice and
mice with TSC2-null lesions. To ensure that the lungs were processed
under the same experimental conditions and to preserve the lung ar-
chitecture, we inflated lungs from control and experimental animals at
a constant 25-cm H,O pressure, followed by fixation as described in
Materials and Methods. Hematoxylin and eosin (H&E) staining of
control lungs showed typical lung structure with conducting airways,
branching bronchioles, and alveoli (Figs. 1D and 2 and fig. S3). Lungs
with TSC2-null lesions showed multiple lesions surrounded by thin-
walled alveoli with multiple enlarged airspaces (Figs. 1D and 2 and fig.
S3). The TSC2-null lesions stained positive for SM a-actin, as is also seen
in human LAM lungs, and for phospho-S6 (P-S6), the molecular signa-
ture of mTORCI activation in LAM (12) (Fig. 3, B and C, respectively).
To determine that enlarged airspaces were induced specifically by
loss of TSC2 in the lesions, we reexpressed TSC2 in TSC2-null cells to
use as a control. Reexpression of TSC2 not only inhibited cell growth
but also prevented the ability of these cells to form tumors. As an
alternative approach, we used Lewis lung carcinoma (LLC) cells, an
established model of mouse lung cancer (27). LLC cells expressed
TSC2 (Fig. 1A), formed multiple lung lesions (Fig. 1D), and were neg-
ative for P-S6 and SM a-actin (Fig. 3, B and C). Lung parenchyma
surrounding TSC2-expressing LLC lesions is comparable to that found
in control animals (Fig. 1D). Morphometric analysis of H&E sections,
assessed by measurement of the mean linear intercept (MLI) (a mean
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Fig. 2. Time-dependent alveolar airspace enlargement is associated with TSC2-null lesion growth in the
lung. (A) Representative images of H&E-stained lungs collected at days 0, 10, 15, and 20 after injection.
Scale bar, 200 um. (B and C) Lesion/lung ratio and MAAA, calculated with Image-Pro Plus program. (B)
Data are means (percentage of the lesion area to the total lung area) + SE of n = 8 in each group. *P < 0.01
for day 15 versus day 0; **P < 0.001 for day 20 versus day 0 by Fisher. (C) Data are means + SE of n > 5 in
each group. *P < 0.01 for day 15 versus day 0; **P < 0.001 for day 20 versus day O by Fisher.

of chord lengths between intersections with alveoli) and mean alveolar
airspace area (MAAA) (28) (the average area of alveoli in examined
fields), showed a statistically significant increase in alveolar airspace in
lungs with TSC2-null lesions compared to lungs with LLC lesions and
control lungs (Fig. 1, E and F). As an additional control, we measured
MLI and MAAA in mouse lungs bearing TSC2"*p537~ lesions and
found no alveolar space enlargement (Fig. 1, D to F). In immunocom-
petent C57BL/6 mice, TSC2-null cells also formed lung lesions that
induced alveolar space enlargement (Fig. 1, E and F). Increases in air-
space enlargement dependent on the percentage of the TSC2-null
lesion area to the total lung area indicate that progressive destruction
of lung parenchyma is induced by growth of TSC2-null but not TSC2-
expressing lesions (Fig. 2).

Comparison of lung morphology with human LAM shows that
TSC2-null lesions in mice appear to contain more cells than human
LAM lesions and that TSC2-null lesions in mice tend to accumulate
around veins, arteries, or airways (fig. S4), a feature present but less
prominent in human LAM lesions. Also, a predominant feature in
human LAM is holes/cysts with modest increase in alveolar size (29),
whereas in the mouse model, only enlargement of alveolar spaces was
observed. TSC2-null lesions in mice show SM a-actin expression (Fig.
3B), a characteristic feature of human LAM (I). Furthermore, in both
TSC2-null lesions in mice and in human LAM, a biomarker of TSC2
loss, mTORCI activation, was detected by phosphorylation of ribo-
somal protein S6 (Fig. 3C). Collectively, these data demonstrate that
although the mouse model may not be a perfect morphological model
for human LAM, this model has proliferating SM a-actin—positive
TSC2-null cells inducing progressive alveolar destruction in the lung.

TSC2-null lesions express vascular endothelial growth
factor-D and promote lymphangiogenesis

Lymphatic involvement in human LAM has been demonstrated by abun-
dant lymphatics in human LAM lungs and LAM lesions (30) and is
associated with high levels of lymphatic
growth factor vascular endothelial growth
factor-D (VEGF-D) in the serum of sub-
jects with LAM disease (31). Lungs from
mice with TSC2-null lesions showed marked
immunoreactivity for VEGF-D, similar to
VEGEF-D immunoreactivity in human LAM
tissue samples as shown in Fig. 3D. Nod-
ules from LAM patients have pronounced
lymphatic channels lined by endothelial
cells (30) (Fig. 3E). In the mouse model,
numerous lymphatic vessels were detected
in TSC2-null lesions with antibody for the
hyaluronan receptor (LYVE-1), a marker
of lymphatic vessels (Fig. 3E). These data
demonstrate increased VEGF-D expression
and lymphangiogenesis in the TSC2-null
mouse model of LAM, which have also
been observed in human LAM.
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The prevailing hypothesis for the mech-
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Fig. 3. SM o-actin—positive TSC2-null lesions show mTORC1 activation, in-
creased VEGF-D, and lymphangiogenesis. (A) Fluorescence-activated cell
sorting (FACS) analysis of epithelial NMuMG cells (Control), TSC2-null cells,
control HLF cells, and human LAM cells with fluorescein isothiocyanate-
conjugated SM o-actin antibody (purple) and control immunoglobulin G
(green). Data are means + SE from three independent experiments. *P <
0.001 for Control versus TSC2-null and HLF versus LAM by ANOVA (Bonferroni-
Dunn). (B to E) Lung tissue sections stained for SM a-actin (B), P-S6 (C), VEGF-D
(D), and LYVE-1 (E). Mouse lung specimens (Control, TSC2-null, and LLC) col-
lected at day 20 after vehicle, TSC2-null, or LLC cell injection, and control
and LAM human lung specimens were subjected to immunohistochemical
analysis with anti-SM o-actin (green), anti-P-S6 (red), anti-VEGF-D (red), and
anti-LYVE-1 (red) antibodies. 4',6-Diamidino-2-phenylindole staining (blue)
indicates nuclei. Representative images were taken with a Nikon Eclipse
TE-2000E microscope. V, vessel. Scale bars, 100 um.

cystic lung formation in LAM is that it is mediated by MMPs that
particularly target elastin. In LAM, MMP-2—which acts on substrates
including elastin and collagens I, III, and IV—is up-regulated in an
mTORCI-independent manner without significant change in expression
of tissue inhibitors of metalloproteinases (TIMPs) (9). Here, MMP-2
and MMP-3 (elastin and collagens III and IV) and MMP-9 (elastin
and collagen IV), analyzed by enzyme-linked immunosorbent assay
(ELISA), were significantly increased in bronchoalveolar lavage (BAL)
fluid from mice with TSC2-null lesions compared with age-matched
controls (Fig. 4, A to C) (32). Immunohistochemical analysis of lungs

with TSC2-null lesions also showed significant increases in MMP-7
(elastin and collagens I, ITI, and IV), MMP-9, and MMP-12 (elastin
and collagens I and IV) (fig. S5, A, C, and D). MMP-8 (collagens I and
IIT) immunostaining was also increased in lungs with TSC2-null and
TSC2-expressing lesions compared to control lungs (fig. S5B). These
data demonstrate differential expression of MMPs in lungs with
TSC2-null and TSC2-expressing lesions, in particular of those MMPs
that target elastin and collagens of various types. Notably, these changes
in MMP levels occurred in a time-dependent manner, consistent with
increases in lesion growth and lung destruction (Fig. 2).

Because lung destruction in LAM is a result, at least in part, of
elastic fiber degradation (33), we examined elastin and collagen com-
position using Verhoeff’s elastin and Picro-Ponceau counterstaining
(34). In normal mouse lungs, elastin (Fig. 4, D and F, black) and col-
lagen (Fig. 4, D and F, red) fibers are especially concentrated around
the rim or neck of each alveolus (arrows in Fig. 4D). The alveoli of an-
imals with TSC2-null lesions exhibited a significant loss of elastin in
the neck region as shown by a decrease in black staining and statistical
analysis (Fig. 4, E to G). Morphometric analysis confirmed a statistically
significant decrease in elastin but not collagen content in alveoli of mouse
lungs with TSC2-null lesions (Fig. 4E). These data demonstrate that
growth of TSC2-null lesions is preferentially associated with elastic fiber
loss, consistent with the increase in MMPs known to target elastin (35).

Neoplastic lesion progression is also characterized by a time-dependent
activation of innate immune-derived mediators. Although no LAM-
specific cytokine/chemokine profile has been identified to date, human
LAM has been associated with increased CXCL1 (KC), CCL2 (MCP1),
and CXCL5 (36). These chemokines could be up-regulated by interleukin-
1B (IL-1B), tumor necrosis factor-o (TNF-a), and/or IL-6. IL-1B and
IL-6 are strongly associated with tumor growth, and TNF-a signaling
is directly linked to the TSC1/TSC2-mTOR through nuclear factor kB
(NF-xB)/inhibitor of NF-kB kinase B (IKKB) (37). To investigate the
inflammatory response to growth of TSC2-null lesions in the lung, we
measured TNF-a, IL-1B, IL-6, and the chemokines KC/CXCLI1 (the
human I1-8 equivalent) and eotaxin/CCL11, the receptor of which (CCR3)
occurs in primary LAM tissue (36). We noted modest, but significant,
release of each of these proinflammatory mediators during lesion pro-
gression (Fig. 4, H to L). TNF-q, IL-1f, and KC expression peaked 2
weeks after inoculation of tumor cells and showed a decline by day 20.
IL-6 and eotaxin levels continuously increased up to day 20. Consist-
ent with the fact that the tumor recipient mice were nude mice, there
was no T cell-derived cytokine [interferon-y (IFN-y) and IL-4] expres-
sion, with the exception of minimally elevated IL-13 levels. Immuno-
staining with the macrophage marker F4/80 showed influx of macrophages
into TSC2-null lesions (fig. S6). The kinetics of the release of proin-
flammatory mediators (Fig. 4, H to L) coincided with the influx of
inflammatory cells into the airways (Fig. 4M and fig. S6), suggesting
that these mediators may drive a proinflammatory response during
tumor cell invasion of the lung tissue.

Rapamycin plus simvastatin prevents TSC2-null lesion
growth and lung parenchyma destruction

We assessed whether rapamycin or simvastatin, alone or in combina-
tion, could prevent tumor growth of TSC2-null lesions and alveolar
destruction in our mouse model of LAM. Before in vivo experiments,
background cell culture analysis was performed to determine growth-
inhibitory effects of rapamycin and simvastatin on TSC2-null cells
used to establish the LAM mouse model. Rapamycin or simvastatin
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on the basis of our published data (8).
The drug treatment started at day 3 af-
ter TSC2-null cells were injected into
mice (Fig. 5A).

Animals treated with vehicle progressively lost weight after day 11 and
were sacrificed at day 20 (Fig. 5A). Vehicle-treated animals developed mul-
tiple large lung lesions with increased alveolar spaces in the surrounding
parenchyma (Fig. 5B). All mice were sacrificed at day 20. Mice treated with
rapamycin and simvastatin alone or in combination did not lose weight
compared to vehicle-treated mice (Fig. 5A) and were comparable in weight
to control mice given the same treatment (Fig. 5A). Rapamycin alone and in
combination with simvastatin prevented TSC2-null lesion growth (Fig. 5,
B and C). Simvastatin alone decreased the amount of lesion/lung com-

0
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0
Days 0 10 12
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0
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pared to vehicle-treated mice (Fig. 5, B and C). Treatments with rapamycin,
simvastatin, or both also prevented alveolar space enlargement (Fig. 5D).

Both rapamycin and simvastatin significantly decreased MMP-2
levels in BAL (Fig. 5E), whereas MMP-3 and MMP-9 expression was
markedly and significantly reduced in simvastatin- but not rapamycin-
treated animals (Fig. 5, F and G), demonstrating that rapamycin and
simvastatin have differential inhibitory effects on MMP-3 and MMP-9.
The combined treatment abrogated the increases in both MMP-3 and
MMP-9 (Fig. 5, F and G).
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Fig. 5. Rapamycin plus simvastatin rescues animal survival, prevents lesion
growth and lung destruction, and abrogates MMP induction. Mice injected
with diluent (Control) or TSC2-null cells were treated with vehicle, rapamycin
(Rapa), simvastatin (Simva), and rapamycin + simvastatin (Rapa + Simva)
from day 3 after injection. (A) Weight of control (black) and TSC2-null cell-
injected (red) mice were examined from day 3 (arrows) to day 20 of exper-
iment. Data are means * SE of n > 5 in each group. *P < 0.01 for Control
versus TSC2-null cell-injected mice by ANOVA (Bonferroni-Dunn). Arrows,
beginning of treatment. (B to D) H&E staining of murine lungs. Scale bar,
500 um. (B) Lesion/lung ratio (C) and MAAA analysis (D) were performed at
day 20 after injection. Data are means + SE of n > 8 in each group. **P <
0.001 for Control versus TSC2-null cell-injected vehicle-treated mice and
for Rapa, Simva, and Rapa + Simva versus vehicle for TSC2-null cell-injected
mice by ANOVA (Bonferroni-Dunn). (E to G) Expression of MMP-2 (E), MMP-3
(F), and MMP-9 (G), assessed in the cell-free supernatant of BAL at day 20 by
multiplex assay. Data are means + SE of n > 6 in each group. **P < 0.001 for
compound- versus vehicle-treated mice by ANOVA (Bonferroni-Dunn).

Rapamycin and simvastatin treat established TSC2-null
lesions and lung parenchyma destruction

To determine whether rapamycin and simvastatin could inhibit the
growth of well-developed TSC2-null lesions, we treated TSC2-null
lung lesion-bearing mice at day 10, a time when mice have begun to
develop TSC2-null lung lesions and show destruction of lung paren-
chyma, but before the changes are statistically significant (Fig. 2B).
Treatment with each drug alone on day 10 reduced TSC2-null cell
proliferation as detected by immunostaining with Ki67 (Fig. 6A and
fig. S7A) and by a decreased proportion of the lung occupied by lesion

(Fig. 6D). As we showed previously (8), rapamycin but not simvastatin
inhibited mTORCI1-dependent S6 phosphorylation in TSC2-null le-
sions (Fig. 6B and fig. S7B), but rapamycin did not promote apoptosis,
whereas simvastatin did (Fig. 6C and fig. S7C). Simvastatin alone
inhibited lesion growth (Fig. 6A and fig. S7A) and induced apoptosis
(Fig. 6C and fig. S7C) but had little effect on P-S6 levels (Fig. 6B and
fig. S7B). Rapamycin and simvastatin combined showed modest effect
on DNA synthesis and cell apoptosis in TSC2-null lesions (Fig. 6, A
and C, and fig. S7, A and C).

Nevertheless, morphometric analyses of lung tissue sections treated
under the same experimental conditions showed a significant decrease
in alveolar space enlargement in animals treated with simvastatin
alone (Fig. 6, E and F). Rapamycin alone did not significantly decrease
MLI and MAAA compared to untreated animals (Fig. 6, E and F) and
only modestly improved the beneficial effect of simvastatin on prevent-
ing an alveolar space enlargement (Fig. 6, E and F). The simvastatin-
induced reduction in alveolar destruction occurred when the lesion sizes
were equivalent to those of the rapamycin-treated mice (Fig. 6D). These
data demonstrate that, whereas rapamycin and simvastatin can each in-
hibit TSC2-null lesion growth, simvastatin prevents alveolar destruction.

DISCUSSION

We have demonstrated that our mouse model of LAM carries TSC2-
null lesions that showed SM a-actin expression, mTORCI activation,
VEGEF-D expression, and increased lymphangiogenesis, as well as de-
struction of lung parenchyma, all of which are characteristics of hu-
man pulmonary LAM. Our data showed that progressive growth of
TSC2-null lung lesions induced MMP up-regulation and elastin fiber
degradation in the lung. These findings suggest that the cystic lung
destruction seen in LAM is associated with loss of TSC2. We also have
shown that rapamycin inhibits lesion growth, simvastatin prevents alveo-
lar space enlargement, and treatment with a combination of rapamycin
and simvastatin abolishes MMP up-regulation and TSC2-null lesion
growth and prevents alveolar destruction. The results reported here thus
support further investigation of the combination of rapamycin and
simvastatin as a potential treatment for subjects with LAM. It is pos-
sible that other diseases associated with TSC2 deficiency could benefit
from the same combinational treatment strategy. Abnormal enlarge-
ment of airspaces is a major pathological manifestation of many lung
diseases including emphysema, chronic obstructive pulmonary disease
(COPD), cystic fibrosis, pulmonary LAM, and Birt-Hogg-Dube syn-
drome. Although the etiologies of these diseases are different, alveolar
destruction is a common pathobiological manifestation associated with
cystic airspace enlargement.

The prevailing hypothesis is that lung destruction and cystic
space formation in patients with LAM are mediated by degradation
of extracellular matrix as a result of an imbalance between matrix-
degrading proteases (MMPs) and their endogenous inhibitors TIMPs
(38). Indeed, elastic fibers in remodeled alveoli in lungs from LAM
patients are scant, and those that remain are often disrupted (33). Sim-
ilarly, in our study, significant decreases in elastin fibers were seen in
alveoli of mice bearing TSC2-null lesions. Increased MMP-1, MMP-2,
MMP-9, MMP-11, and MMP-19 levels have been reported in lungs
from patients with LAM (39), and mTORCI1-independent up-regulation
of MMP-2 expression was shown in TSC2-deficient cells and cells
from LAM patients (9-11). Our data demonstrate that growth of
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Fig. 6. Rapamycin and simvastatin differentially affect TSC2-null lesion growth and airspace enlargement.
Mice, injected with TSC2-null cells, were treated with vehicle (=), rapamycin (Rapa), simvastatin (Simva),
and rapamycin + simvastatin (Rapa + Simva) from day 10 after injection of TSC2-null cells. (A to D) Effects
of drug treatment on lesion growth and airspace enlargement. (A) DNA synthesis (a percentage of Ki67-

positive cells per total number of cells), (B) P-S6 [optical density (OD)], (C)
terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate

positive cells per total number of cells], and (D) percentage of lesion tissue per total lung area at day
20 after injection. Data are means + SE of n > 10 in each group. *P < 0.001 for compound- versus vehicle-
treated animals by ANOVA (Bonferroni-Dunn). (E and F) MLI (E) and MAAA (F) analyses of lung tissue sections

collected at day 20 after injection. Data are means + SE of n > 8 in each group
Gray bars, naive (non-injected vehicle-treated) animals.

TSC2-null lesions in murine lung is associated with an increase in
MMP-2, MMP-3, MMP-7, MMP-9, and MMP-12 levels, all with known
elastase activity (35). Note that these MMPs also target collagens, in-
cluding type I, but when examined histologically, collagen content was
not significantly decreased where it is most concentrated, in the alveo-
lar rims. The extent to which altered amounts of TIMPs are involved
in alveolar destruction in this model remains to be determined.

The increase in proinflammatory cytokines in the LAM model sug-
gests that inflammation may also contribute to the destruction of al-
veoli, given cytokine stimulation of MMPs (35). This process could
provide an amplifying feedback loop in the alveolar destruction
pathway. Further studies are needed in the TSC2-null mouse model
of LAM to determine the relative contribution of TSC2-null lesions in
increased expression of MMPs and the recruitment of inflammatory
cells and cytokines to alveolar destruction in LAM. These would prob-
ably be most informative in further studies in immunocompetent mice
where TSC2-null lesions also induce alveolar space enlargement.

Pulmonary LAM is accompanied by increased lymphangiogenesis
in the lung and LAM nodules (40) and increased concentrations of
VEGEF-D, a lymphangiogenic growth factor (41) that has been found
in the serum of subjects with LAM (31). The increased VEGF-D and
increased number of lymphatic vessels in TSC2-null lesions in our
mice echo these features.

We acknowledge that the model is not a perfect replica of human
LAM, but it is similar in many ways—notably, progressive growth of
SM o-actin—positive TSC2-null lesions, destruction of lung parenchyma,
and lymphatic involvement. In human disease, rounded cystic change
is usually more pronounced and more widespread and, in some cases,
associated with relatively few LAM cells (typically as scattered fascicles
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tion to sacrifice, in compliance with Insti-
tutional Animal Care and Use Committee
(IACUC) protocol] in the immunocompro-
mised mice. The use of immunocompetent
mice and injection of fewer TSC2-null
cells might produce more diffuse airspace
destruction, producing pathology closer
to that of human LAM.

With these caveats in mind, we used
our model to test the potential use of both
rapamycin and simvastatin for combina-
tion therapy in pulmonary LAM. Despite
promising results of rapamycin analog sirolimus in the clinic for LAM
(15), after cessation of sirolimus therapy, pulmonary function reverts
to the diminished levels observed before treatment (15), likely because
sirolimus does not completely inhibit mTORCI signaling, but only in-
hibits LAM cell growth without promoting cell death (8). Further, an
undesirable side effect, hyperlipidemia, occurs in LAM and TS patients
on sirolimus (15, 42).

Statins, well known as cholesterol-lowering drugs, also inhibit ex-
perimental emphysema (43) and MMP-9 secretion (44) and have anti-
inflammatory effects in a variety of diseases such as COPD (18), cancer
(45), and asthma (46). These drugs modulate lipid metabolism and
disrupt the geranylgeranylation of Rho GTPases that is critical for
membrane localization and activation. The safety and efficacy of statins
as cholesterol-lowering drugs are well documented and indicate that
simvastatin and atorvastatin are the most potent agents. Atorvastatin
inhibited growth of TSC2"p53™"~ mouse embryonic fibroblasts (MEFs)
and TSC2-null ELT3 cells from Eker rat in vitro (47) but had little ef-
fect on subcutaneous tumors formed by TSC2™ p53~~ MEFs (48). In
previous studies on mice with subcutaneous tumors formed by TSC2-
null ELT3 cells, we showed that loss of TSC2 activates the rapamycin-
sensitive mMTORCI1-S6K1 (S6 kinase 1) and the rapamycin-resistant
mTORC2-Rho GTPase signaling pathways (fig. S8A) [the latter is
inhibited by the nonselective Rho GTPase inhibitor simvastatin (8)].
Here, treatment with rapamycin and simvastatin also prevented TSC2-
null lesion development. However, in the mouse LAM model, we also
saw prevention of alveolar airspace enlargement and decreased MMP
expression, suggesting that the destruction of lung parenchyma is
caused by TSC2-null lesion growth (fig. S8B). The doses and treatment
schedule for rapamycin were selected on the basis of the pharmaco-

apoptosis [a percentage of
nick end labeling (TUNEL)-

by ANOVA (Bonferroni-Dunn).
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kinetics and pharmacodynamics approved for immunosuppression
after organ transplantation, clinical trials, and rodent studies (8, 15, 18).
Although a relatively high dose of simvastatin was used in this study,
because mice metabolize simvastatin more rapidly than humans, lower
doses may be effective in humans. A retrospective study of LAM patients
on statins cautioned about potential effects of statins on lung function,
without taking into account intermolecular differences between statins
(49). Thus, a comparison of different statins in preclinical studies on
the same cell and animal models is still needed, and their pharmacological
characteristics and safety in LAM remain to be determined.

Our data show that rapamycin and simvastatin have differential
effects on TSC2-null lesion growth and alveolar space enlargement.
(See schematic representation of TSC2-dependent signaling in LAM
and its potential therapeutic targeting in fig. S8.) Rapamycin had a
predominantly growth-inhibitory effect on TSC2-null lesions, whereas
simvastatin inhibited alveolar airspace enlargement, suggesting that
the therapeutic approach currently being used for treatment of LAM
(rapamycin) may not address the TSC2-dependent pathological
changes of lung destruction. Our study predicts that rapamycin alone
would not be effective in preventing MMP increases and lung destruc-
tion. However, further investigation will reveal whether rapamycin or
simvastatin has specific inhibitory effects on MMPs or whether other
factors induce airspace enlargement in this mouse model.

In summary, this study reports an experimental model for testing
treatment strategies in pulmonary LAM and provides preclinical evi-
dence of a proof of concept that pharmacological use of rapamycin
and simvastatin is a promising strategy for LAM. Both rapamycin
and simvastatin are in clinical use for other indications. A phase 2
clinical trial could test whether rapamycin and simvastatin in combi-
nation has beneficial effects on LAM.

MATERIALS AND METHODS

Cell culture

TSC2-null cells, derived from kidney lesions of TSC2*'~ mice (24),
mouse LLC, and mouse epithelial NMuMG cells, purchased from
the American Type Culture Collection, and Tsc2*'*p53~'~ MEFs
(provided by D. J. Kwiatkowski) were maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS).

DNA synthesis analysis, cell counts, SM a-actin FACS
analysis, and wound closure assay
These were performed as described (8, 12, 26, 50).

The human LAM and control lung tissue

Samples presented in Fig. 3 were obtained from the National Disease
Research Interchange (NDRI) according to the approved protocol.
The human LAM tissue presented in fig. S4 was obtained from the
National Institutes of Health under the protocol approved by the Nation-
al Heart, Lung, and Blood Institute and examined in compliance with the
protocol approved by the University of Auckland Institutional Review
Board (Auckland Ethics Committee, North Heath, New Zealand).

Animals

All animal procedures were performed according to a protocol approved
by the University of Pennsylvania IACUC. Six- to 8-week-old female
NCr athymic nu/nu mice (NCRNU-M, Taconic) were injected sub-

cutaneously in both flanks with 5 x 10° TSC2-null mouse kidney ep-
ithelial cells (24) (fig. S1). When tumors reached ~1.5 cm in diameter,
mice were sacrificed, and the tumors were removed, enzymatically di-
gested, and plated in cell culture dishes in DMEM supplemented with
10% FBS. After 2 days in culture, the TSC2-null cells from the primary
tumors were resuspended and filtered, and 10° cells were injected into
the tail vein of 8-week-old NCRNU-M athymic nude mice. Three or
10 days after injection, mice were transferred to simvastatin-supplemented
diet (100 mg/kg per day) or treated with rapamycin (intraperitoneal
injections, 1 mg/kg, three times per week) alone or in combination
with simvastatin diet. Chow containing simvastatin (ZOCOR, Merck)
was prepared by Animal Specialties & Provision on the basis of regular
chow JL Rat & Mouse/4F diet received by the control group. Negative
controls included vehicle-injected mice treated as described above. For
positive controls, the tail veins of NCRNU-M mice were injected with
10° LLC cells or Tsc2"*p53™~ MEFs that were rederived from sub-
cutaneous tumors as described above for TSC2-null cells. Animal
weight was monitored throughout the experiment. Animals injected
with TSC2-null cells from each group were euthanized at day 0, 10,
12, 15, or 20 of the experiment. Control-, LLC-, and Tsc2"*p537'~
MEF-injected mice were euthanized at day 20 after injection or at
20% of body weight loss in the positive control group (TSC2-null ve-
hicle). Lungs were inflated at 25-cm H,O pressure with 1:1 optimal
cutting temperature (OCT) in phosphate-buffered saline for ~8 min
or in formalin. The trachea was tied off, and the lungs were excised,
placed in OCT, flash-frozen on dry ice, and sectioned into 5-pm-thick
slices followed by H&E staining and immunohistochemical analysis.
Each experimental group included a minimum of five animals per
condition. The tissue samples were analyzed by three different inves-
tigators at the University of Pennsylvania and by one investigator in
New Zealand. Experiments to determine that TSC2-null lesions in-
duce alveoli space enlargement were performed twice, and experiments
with treatment by rapamycin, simvastatin, and the combination of
both were performed three times.

Morphometry

Images of lung tissue sections stained with H&E were acquired with a
Nikon Eclipse 80i microscope under x100 magnification. Ten ran-
domly selected fields per slide from three nonserial sections about
50 um apart were captured, and Image-Pro Plus 6.2 software (Media
Cybernetics Inc.) was used to measure the MAAA as described (28).
Airspace changes were also assessed with the MLI, a measurement of
mean interalveolar septal wall distance, which is widely used to exam-
ine irregular size alveoli. The MLI was measured by dividing the
length of a line drawn across the lung section by the total number
of intercepts counted within this line at x100 magnification. A total
of 40 lines per slide were drawn and measured. Airway, vascular
structures, and histological mechanical artifacts were eliminated
from the analysis.

The volume fraction (%) of elastic fibers was determined on images
of tissue sections stained with Verhoeff’s elastin stain and Picro-Ponceau
counterstain with a 100-point grid to record hits over elastin and total
tissue hits to give percentage of area occupied by elastin, as described (34).

BAL fluid was collected from five mice per each condition at days
0, 10, 12, 15, and 20 after injection of TSC2-null cells. BAL cell counts
were assessed as described (32).

ELISA was performed with a Searchlight Protein Array multiplex
of cell-free supernatant of the BAL fluids at Aushon Biosystems.
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Immunohistochemical and immunoblot analyses

These were performed as described (6, 8). Immunostaining was ana-
lyzed with the Nikon Eclipse TE2000-E microscope equipped with an
Evolution QEFi digital video camera. Tumors from a minimum of five
animals per each treatment condition were analyzed. Staining was vi-
sualized with a Nikon Eclipse TE2000-E microscope under appropri-
ate filters. Protein levels were analyzed by OD with Gel-Pro Analyzer
software.

Data analysis

Data points from individual assays represent means + SE. Statistically
significant differences among groups were assessed with ANOVA
(with the Bonferroni-Dunn correction), with values of P < 0.05 suffi-
cient to reject the null hypothesis for all analyses. All experiments were
designed with matched control conditions within each experiment
(minimum of five animals) to enable statistical comparison as paired
samples and to obtain statistically significant data.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/4/154/154ra134/DC1

Fig. S1. The scheme represents an experimental procedure establishing TSC2-null mouse LAM
model.

Fig. S2. TSC2 deficiency induces cell migration and proliferation.

Fig. S3. TSC2-null lung lesions induce alveolar destruction.

Fig. S4. Tumor cell accumulations around veins (V), arteries (Ar), and airways (Ai) in mouse
model of LAM at day 20 show similarity to human LAM lung.

Fig. S5. TSC2-null and TSC2-positive LLC lesions induce differential MMP expression in lung.
Fig. S6. Macrophages infiltrate TSC2-null lesion.

Fig. S7. Rapamycin and simvastatin have differential effects on mTORC1 signaling and apoptosis in
TSC2-null lesions.

Fig. S8. The experimental LAM model provides a proof of principle for combinational therapy
in LAM.
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Figure S1. The scheme represents an experimental procedure establishing TSC2-null

mouse LAM model. To enhance invasive characteristics of TSC2-+kidhey epithelial cells
derived fromTSC2""" mice, 5x16 cells were injected subcutaneously into flankBlGRNU-M
female athymic nude mice (Step 1). After tumorshea ~ 1.5 cm in diameter, mice were
sacrificed, the tumor cells were dissociated (2fggharacterized by immunoblot analysis to
confirm TSC2 loss and mTORCL1 activation (see F&). After 2 days in culture, the TSC2-null
cells from the primary tumors were resuspendedeirils PBS and 10cells were injected into
tail vein (Step 3) of 8 week old NCRNU-M female wattic nude mice.
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Figure S2. TSC2 deficiency induces cell migration and proliferation. (A) Serum-deprived
control NMuMG epithelial cells (Control), TSC2-n@klls, control human lung fibroblasts
(HLF) and human LAM cells (LAM) were subjected tound closure assay for indicated times.
Representative images were taken with a Nikon EelipE-2000E microscope under 100X
magnification. Dotted lines, initial wound margiriB-D) Rapamycin and simvastatin inhibit
TSC2-null cell proliferation.g, C) Cell count analysis of TSC2-null cells incubateth diluent
or indicated concentrations of Rajg) or Simva C). (D) DNA synthesis analysis (BrdU
incorporation assay) of serum-deprived TSC2-nulsdesated with diluent (-), rapamycin
(Rapa) and simvastatin (Simva) separately or inlmpation. Data are mean + SE from three
independent measurements. *p < 0.001 for Rapamvévs. diluent (-) by ANOVA
(Bonferroni-Dunn).



Figure S3. TSC2-null lung lesionsinduce alveolar destruction. H&E analysis of mouse lungs
at day 15 post-injection (Fig. S1, Step 4) demass that mice injected with TSC2-null cells
develop multiple lung lesions and airspace enlasggnScale bar, 10Q0M.
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Figure $4. Tumor cell accumulations around veins (V), arteries (Ar), and airways (Ai) in
mouse model of LAM at day 20 show similarity to human LAM lung. Lung remodeling,
detected by Verhoeff's elastin stain, includingslas$ alveolar structure, is more advanced in the
LAM lung because of long-standing disease, butyestidge expansion and loss of alveoli are
evident in mouse model of LAM. Scale bars, 100.
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Figure S5. TSC2-null and TSC2-positive LLC lesions induce differential MMP expression

in lung. TSC2-null, LLC, and control lung tissue sectiongevanalyzed for MMP-7X), MMP-

8 B), MMP-9 (C), and MMP-12 levels[¥) by immunohistochemical analysis with specific
antibodies (red). DAPI staining was performed téedenuclei (blue). Representative images
were taken using a Nikon Eclipse TE-2000E microscdpMP levels were analyzed by optical
density (OD) using Gel-Pro Analyzer software. Sdades, 100uM. Data are mean + SE by
ANOVA (Bonferroni-Dunn). A) **p < 0.001 for TSC2-null (n=44) vs. control (n¥land for
TSC2-null (n=44) vs. LLC (n=33)B() *p < 0.01 for TSC2-null (h=26) vs. control (n=2ahd
LLC (n=27) vs. control (n=21)Q) **p < 0.001 for TSC2-null (n=21) vs. control (n¥Rand for
TSC2-null (n=21) vs. LLC (n=21))) **p < 0.001 for TSC2-null (n=44) vs. control (n2R, for
LLC (n=33) vs. control (n=22) and for TSC2-null &4 vs. LLC (n=33).
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Figure S6. Macrophages infiltrate TSC2-null lesion. Mouse lung samples were collected at
day 20 after injection of TSC2-null cells followéy immunohistochemical analysis with anti-
F4/80 (red) antibody or appropriate non-immune &G negative control. DAPI staining (blue)
detects nuclei. Representative images were takén avNikon Eclipse TE-2000E microscope.
Scale bar, 10qm. Arrows, F4/80-positive cells.
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Figure S7. Rapamycin and simvastatin have differential effects on mTORCL1 signaling and
apoptosisin TSC2-null lesions. Lung tissue sections from mice with TSC2-null lesidreated
with vehicle, rapamycin (Rapa) and simvastatin (&ijrseparately or in combination collected
at day 20 post-injection were analyzed for celllipgmation (Ki67), mTORCL1 signaling (P-S6),
and apoptosis.A) Rapamycin and simvastatin inhibit cell growthTi®C2-null lung lesions.
Representative images of immunostaining with Kifat). 8) Rapamycin but not simvastatin
inhibits MTORCL1 signaling. Representative imagesrwhunohistochemical analysis with anti-
P-S6 (red). €) Simvastatin induces apoptosis in TSC2-null luegjdns. Representative images
of TUNEL staining (green) performed to detect aptiptcells. A-C) DAPI (blue) staining was
performed to detect nuclei. Representative image® waken with a Nikon Eclipse TE-2000E
microscope. Scale bars, 1AM for A, B; and 20QuM for C.
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Figure S8. The experimental LAM model provides a proof of principle for combinational
therapy in LAM. (A) Schematic representation of TSC2-dependent signalysregulated in
pulmonary LAM.
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Figure S8. The experimental LAM model provides a proof of principle for combinational
therapy in LAM. (B) Potential therapeutic targeting of mMTORC1 and mTQRE abrogate
lesion growth and inhibit airspace enlargementg3i8C2-null murine LAM model.
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