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Abstract

Introduction—Pulmonary lymphangioleiomyomatosis (LAM) is a rare progressive lung disease
affecting almost exclusively women. Neoplastic growth of atypical smooth muscle-like cells in the
lung induces destruction of lung parenchyma leading to the formation of lung cysts, rupture of
which results in spontaneous pneumothorax. LAM occurs sporadically or in association with
inherited hamartoma syndrome tuberous sclerosis complex (TSC). Progression of LAM often
results in loss of pulmonary function and death. Increasing understanding of neoplastic LAM cell
growth is driving the development of therapeutic approaches targeting the disease progression.

Areas covered—This review provides background to understand the rationale for current
treatments used in patients with LAM, to critically appraise the evidence for these treatments, and
to discuss future treatment approaches. The literature review includes publications from PubMed
and clinicaltrials.gov/.

Expert Opinion—Targeting mTOR activation with rapamycin analogs sirolimus and everolimus
are awaiting approval by the FDA for treatment of LAM. A number of other treatment options
have been investigated and are currently tested in clinical trials to target LAM cell survival and
metastasis. Key remaining and poorly understood areas for development and validation of
therapeutic targeting in LAM are destruction of lungs, pathological lymphangiogenesis, and
hormonal regulation. Future will reveal whether they could be targeted therapeutically.
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1. Introduction

Pulmonary lymphangioleiomyomatosis (LAM) is a progressive neoplastic genetic disease
affecting predominantly women [1]. The disease is characterized by the infiltration of
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atypical smooth muscle LAM cells in the lung and lymphatics, and cystic remodeling of
lung parenchyma [2]. Obstruction of lymphatics might results in the collection of chylous
fluid and fluid-filled lymphangiomyomas in the chest and abdomen [3-5]. The
angiomyolipoma, a benign tumors composed of smooth muscle and fat, are also might be
present in kidney, and may be detected in liver and spleen of LAM patients [5, 6]. LAM
could be sporadic (S-LAM) or associated with hamartoma syndrome tuberous sclerosis
complex (TSC-LAM). The disease affects 3-8 women per million in S-LAM [2]. At least
30% of women with TSC develop cystic changes in the lung consistent with LAM [2]. The
risk of LAM in TSC patients, however, is age-related. Thus, the prevalence of LAM by age
21 was 27% and 81% in TSC-LAM patients over 41 year old [7]. Importantly, 63% of TSC
patients developed LAM, and 13% died from LAM [7]. The mean onset of the disease is
about 34-35 years and patients registered with The LAM Foundation show the median
survival of 29 years after onset of symptoms.

Growth of atypical immature-looking smooth musclelike cells in the lungs promotes
destruction of the lung, formation of air-filled spaces, rupture which leads to spontaneous
pneumothoraces and lung collapse [2]. Pneumothorax usually reoccurs after the first
incidence. Clinical evidence suggests beneficial effects of pleurodesis after first occurrence
of pneumothorax [5, 6]. LAM is also characterized by obstruction of lymphatics and
accumulation of chylous fluid either in the thorax or in the abdomen [5]. Lymphangiogenic
growth factor VEGF-D, specifically upregulated in blood of patients with LAM but not in
other cystic lung diseases [8], is a promising biomarker for diagnosis of LAM. Serum levels
of VEGF-D might also serve as prognostic and predictive biomarker of disease severity and
response to treatment [9, 10].

Sporadic or germline mutations in S-LAM or in TSC-LAM, respectively, of tumor
suppressor genes tuberous sclerosis complex 1 (TSC1) or TSC2 have been linked with
abnormal neoplastic growth of LAM cells in the lung. TSC2 mutations occur more
frequently, and are usually associated with more severe manifestations [11]. Loss of TSC1
or TSC2 function results in activation of the mammalian target of rapamycin (mTOR)
signaling pathway inducing uncontrolled growth of LAM cells in the lung (Figure 1) [2, 12,
13]. Major advances have been made in inhibiting LAM cell growth by using allosteric
inhibitors of MTOR activity such as sirolimus and everolimus, generally named rapalogs [2,
12, 14]. These drugs slow down the disease progression by stabilizing the decline in lung
function [15, 16].

Recent developments in identifying the signaling pathways deregulated in
pulmonary LAM serve as a background for identifying and development of
potential therapeutic target to treat this disease. In this review, | will provide a brief
overview of completed clinical trials, ongoing clinical trials, and potential
directions for therapeutic interventions for treatment of LAM.

2. Hormonal therapy for treatment of LAM?

Because LAM predominantly presents in premenopausal women and LAM disease
progression also seems to increase during pregnancy targeting hormonal regulation by
neutralizing effects of estrogens appears an expected step for therapeutic targeting [2] [[17]
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and references within]. Preclinical study show a positive effect of estrogens on survival and
growth of cells deficient for TSC2 in vivo [18]. However, these data are in odds with clinical
evidence demonstrating that progesterone had no positive, and possibly slightly negative,
effect on LAM progression.

Currently the efficacy of hormonal therapy with progesterone in slowing the disease
progression has not been demonstrated and no clinical trials were performed to determine
the effect of hormonal therapy on LAM [19]. The off label use of progesterone therapy have
been reported in clinic [6]. While some clinical case reports indicate potentially positive
effects, there are also many publications reporting a failure of hormonal therapy in LAM
results [[20] and references within]. Retrospective studies summarizing off label use of
progestin therapy such as medroxyprogesterone acetate, tamoxifen, luteinizing hormone-
releasing hormone (LHRH) or gonadotropin releasing hormone (GnRH) agonists (Lupron),
or use of oophorectomy also report conflicting and inconclusive results [[6] and references
within]. Further, a retrospective study performed at the National Institutes of Health [20]
reported that treatment with progesterone does not improve the decline in lung function in
patients with LAM. Among 348 LAM patients evaluated, 139 patients on progesterone were
compared to 136 untreated patients. The rate of decline in lung function measured by FEV1
and DLco showed no benefits for LAM patients [20]. Considering that progesterone therapy
in LAM patients is associated with adverse effects including venous thromboembolic
disease and the development of meningiomas, only carefully designed placebo-controlled
clinical trials could provide information about potential use of hormonal therapy in LAM. A
trial of Letrozole in LAM (The TRAIL trial #NCT01353209 at http://
www.clinicaltrials.gov/) (Table 1) proposes to test a novel approach in hormonal therapy by
targeting estrogen secretion with aromatase inhibitor letrozole in postmenopausal women.

Despite the lack of success as a direct approach for hormonal therapy for treatment of LAM,
histophatological studies provide some insights about hormonal regulation in LAM
pathology. Lung tissue sections from LAM patients demonstrate expression of estrogen and
progesterone receptors in smooth muscle a-actin-positive LAM cells of the lesions [21-23].
Generally estradiol levels are higher in women than in men. Importantly, women also
uniquely produce progesterone [17], which might contribute to LAM pathology.
Interestingly, in other gender-specific disease such as a breast cancer, the levels of estrogen
receptors are usually upregulated compared to progesterone receptors. Surprisingly, in LAM
lungs the expression of progesterone receptors are significantly higher compared to the level
of estrogen receptors [21]. Schuger and colleagues [21] performed analyses of 20 biopsy
samples and 24 transplanted lungs from LAM patients and found that expression of
progesterone receptor was significantly higher than estrogen receptor in 80% of specimens
[21]. Thus LAM appears as an unusual disease in its high ratio between progesterone and
estrogen receptor expression compared to other female-specific neoplastic diseases [21].
Little is known about the cellular and molecular mechanisms of estrogen and progesterone
signaling in LAM that could shed a light on hormonal regulation and potential molecular
targets for therapeutic intervention. Further studies are needed to shed a light on the
significance of progesterone receptor upregulation and pathological mechanisms of
hormonal signaling in LAM.
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3. LAM treatment with rapalogs, sirolimus and everolimus

The major advance in understanding the pathology of LAM which culminated in the
identification of the first treatment for LAM disease came with the discovery of the cellular
function of the tumor suppressor complex TSC1/TSC2 as a negative regulator of
mammalian target of rapamycin (mTOR). Evidence from fruit fly Drosophila, rodent cells
and primary human LAM cells showed that mutational inactivation of TSC1/TSC2 are the
cause of abnormal growth in LAM [12, 13, 24, 25]. Further, the preclinical study of
allosteric inhibitor rapamycin in LAM cells demonstrated that mTOR could be targeted at
physiologically relevant doses [12, 13, 24]. These preclinical data paved the way to the
phase I-11 nonrandomized, open-label 24-month efficacy clinical trial of rapamycin analog
sirolimus in patients with TSC and LAM, which was opened for enrollment in 2003 [15].
Patients were treated with escalating doses of sirolimus for 1 year followed by a 12 month
observational period. The study included patients with S-LAM and TSC-LAM with
diagnosis of pulmonary LAM and at least one angiomyolipoma 1cm or larger. The primary
outcome measure was to determine the effect of sirolimus on angiomyolipoma volume at 1
year. The secondary end points included angiomyolipoma volume at 2 years, spirometric
measurements, lung volume, diffusing capacity, 6-minute walk test, and the percentage of
cyst volume at 1 and 2 years. Patients started on the initial dose of 0.25 mg per square meter
of body-surface area of sirolimus that was gradually escalated to achieve a blood level of
sirolimus up to 10-15 ng per milliliter. Out of 25 patients enrolled in the study, 20
completed 1 year evaluation, and 18 completed 2-year evaluation. The trial produced very
promising results. Thus, the size of angiomyolipoma at 12 months was markedly reduced by
about 50% compared to the baseline levels. The significant improvements in lung function
were also observed showing an increase in the mean forced expiratory volume in 1 second
(FEV1) and the forced vital capacity (FVC) in 1 year of treatment as compared with baseline
values [15].

The first open-label sirolimus trial was followed by the international two-stage double-
blinded placebo-controlled efficacy and safety of sirolimus trial (MILES trial) for patients
with moderate lung impairment [16]. This trial also has two phases — 12-month treatment
period followed by 12-month observation period. The primary outcome measure was the
rate of change in FEV1 between LAM patients on placebo and sirolimus. The sirolimus
levels were maintained at 5-15 ng per milliliter throughout the treatment period. At 1 year
on sirolimus, lung functions were stabilized as compared to progressive lung function
decline in the placebo group. Sirolimus treatment also improved quality of life and
functional performance. Importantly, serum level of lymphangiogenic factor vascular
endothelial growth factor D (VEGF-D) was used for the first time as a potential biomarker
for LAM and as a secondary outcome in response to treatment. At the baseline, VEGF-D
levels were comparable in both groups but were significantly lower in the sirolimus at 6 and
12 months of treatment. The MILES trial demonstrated that sirolimus stabilizes lung
functions and improve quality of life of the LAM patients [16].

The open-label and the MILES trials clearly and convincingly demonstrated that sirolimus
could stop disease progression and stabilize lung function. The trials also uncovered the
limitation of sirolimus as a therapeutic approach. In both trials during the 12-month
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observation period, lung function decline resumed after sirolimus withdrawal [15, 16].
Further, after sirolimus therapy was stopped for 1 year, growth of angiomyolipoma resumed
and caused significant increase of the angiomyolipoma volume [15].

Thus, inhibition of mTOR with sirolimus (Bissler et al., 2008; McCormack et al., 2011) or
everolimus, another rapamycin derivative inhibiting mTOR, used in phase Il clinical studies
for treatment of angiomyolipoma in patients with TSC and LAM [26], show promising
results suggesting sirolimus and everolimus could be drugs for treatment for S-LAM and
TSC-LAM. Because sirolimus and everolimus are not yet approved by FDA for treatment of
LAM, these drugs might be considered on an individual basis at the specialized LAM and
TSC clinics after careful evaluation of risk/benefit ratio as suggested by the European
Respiratory Society guidelines [6].

4. Therapeutic strategies to eradicate LAM cells

Progressive growth of LAM lesions causes the destruction of lung parenchyma, obstruction
of lymphatics, accumulation of chylous effusions and lung collapse. Clinical studies suggest
that therapeutic use of sirolimus and everolimus might require life-long treatment (although
this have to be clinically proven) because drug withdrawal results in further disease
progression [5, 27, 28]. Why did mTOR inhibitors sirolimus and everolimus fail to have a
long-lasting effect in LAM? One of the major limitations of mTOR inhibitors of rapamycin
group, including sirolimus and everolimus, is their cytostatic but not cytotoxic effect [29].
Rapamycin only partially inhibits mTOR activity because it induces allosteric inhibition of
mTOR without affecting mTOR catalytic activity. Further, rapamycin inhibition of S6K1,
which activity is regulated by mTOR, releases a negative feedback loop on PI3K signaling
that induces activation of the pathway and supports cell survival [14]. Rapamycin also
transiently and partially inhibits phosphorylation of 4E-BP1, another molecule regulated by
mTOR, thus having only modest inhibitory effect on protein translation [29] (See Figure 1).
To overcome the limitation of rapamycin, the second generation of mTOR inhibitors
targeting the catalytic activity of mTOR have been developed and are currently being tested
in pre-clinical studies and clinical trials in the treatment of cancer [14]. This group of drugs
has not been considered or pre-clinically tested for LAM.

The cytostatic effects of rapalogs sirolimus and everolimus have motivated the search for
novel or additional therapeutic targets for LAM, drug targeting of which results in LAM cell
death. Two clinical trials currently testing this approach are listed on ClinicalTrials.gov: The
Safety Study of Sirolimus and Hydroxychloroquine in Women with
Lymphangioleiomyomatosis (SAIL trial), and Safety of Simvastatin in the Treatment of
LAM-S and LAM-TS patients (SOS trial). Both trials were preceded by preclinical studies
discovering novel molecular targets such as increased autophagy [30] and RhoA GTPase
upregulation [31, 32] in cells deficient for TSC2 gene, targeting of which with chloroquine
or simvastatin, respectively, caused cell death and abrogation of tumors.

Chloroquine, a class of anti-malarial drugs, is used to prevent and treat acute attacks of
malaria. It is also now in clinical trials to treat discoid or systemic lupus erythematosus and
rheumatoid arthritis. Chloroquine has been considered as an agent which might enhance
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cancer therapy and has been currently clinically tested for safety [33]. A potential treatment
of LAM with chloroquine is based on findings that TSC2 loss upregulates autophagy, and
inhibition of autophagy with chloroquine sensitizes TSC2-null cells to growth-inhibitory
effect of rapamycin inducing cell death [30]. In vivo data also show decreased tumor burden
in mice treated with a combination of chloroquine and rapamycin. Importantly, chloroquine
alone does not kill TSC2-null cells, and requires the presence of rapamycin to induce a
synergistic effect [30]. These preclinical data provided supportive evidence for the SAIL
trial (Table 1). The goal of the SAIL trial is to determine whether the combination of
rapamycin analog sirolimus and hydroxychloroquine is safe and well tolerated. LAM
patients will be on the combination therapy with sirolimus (blood levels between 5-15
ng/ml) and escalating doses of hydroxychloroquine (200 mg or 400 mg). The safety of drug
combination will be monitored up to 6 months. Serum levels of VEGF-D will be monitored
to determine its potential role in predicting rates of disease progression and determine
responsiveness to combination therapy.

Identification that RhoA GTPase is activated in LAM [34, 35] and is required for LAM cell
survival [32] led to pre-clinical testing of statins, 3-hydroxy-3-methylglutaryl coenzyme-A
(HMG-CoA) reductase inhibitors, and pleiotropic agents that might contribute to the
prevention of human cancers [36]. Statins, that modulate the lipid metabolism, regulate the
geranylgeranylation of Rho GTPases that is required for their membrane anchoring and
activation. Initial pre-clinical studies using synthetic atorvastatin (Lipitor) did not improve
the outcome of syngeneic growth of TSC2-null tumors in nude mice formed by mouse
embryonic fibroblast immortalized by deletion of the tumor suppressor p53 [37], and renal
and liver tumors in TSC2+/- mice [38] that do not develop lung tumors. In contrast, a
simvastatin (Zocor) not only inhibited xenographic tumor growth of TSC2-null SM-like
cells derived from uterine leiomyoma by promoting apoptosis, but also prevented tumor
recurrence after treatment withdrawal [32]. Further, early treatment with a combination of
simvastatin and rapamycin prevents growth of lung lesions and lung destruction in mouse
model of LAM [31]. Side-by-side comparison demonstrated higher potency of simvastatin
compared with atorvastatin on inhibition of TSC2-null cell growth and promoting cell death
[39]. Collectively, preclinical studies suggest that simvastatin (Zocor) and atorvastatin
(Lipitor) have differential effects on TSC2-null tumors. Retrospective analysis [40] of
clinical cases to evaluate whether simvastatin and atorvastatin have differential effects in the
clinic might provide important information for clinical use of statins for combinational
treatment of LAM. Currently, the safety of simvastatin has been tested in phase I-11 clinical
trial (Table 1). The goal of the SOS trial is to determine safety and any potential benefits to
S-LAM and TSC-LAM patients taking simvastatin and everolimus to be monitored for 4
months. Patients will start on 20 mg simvastatin for 2 months followed by increase of
simvatstain dose to 40 mg daily. Safety (including any major changes or deterioration in
patient health) will be measured by reductions from baselines in physical examination,
pulmonary function tests and/or blood values, and in the reporting of new or aggravated
adverse events. Patients will be monitored for the effect of combinational therapy on
pulmonary function, quality of life, and serum level of VEGF-D.
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5. Targeting lung destruction in LAM?

Progressive destruction of lung parenchyma is the most prominent and debilitating
pathological manifestation of LAM. The prevailing hypothesis is that the lung destruction
and cystic space formation in patients with LAM is mediated by degradation of extracellular
matrix as a result of an imbalance between matrix degrading proteases (MMPs) and their
endogenous inhibitors TIMPs [2, 41]. Indeed, elastic fibers in remodeled alveoli in lungs
from LAM patients are scant, and those that remain are often disrupted [42]. Increased
MMP-1, MMP-2, MMP-9, MMP-11, and MMP-19 levels have been reported in lungs from
patients with LAM [43], and mTORC1-independent upregulation of MMP-2 expression was
shown in TSC2-deficient cells and cells from LAM patients [44—46]. In vivo study
demonstrates that growth of TSC2-null lesions in murine lung is associated with an increase
in MMP-2, MMP-3, MMP-7, MMP-9 and MMP-12 levels [31]. The extent to which altered
amounts of TIMPs are involved in lung destruction in LAM remains to be determined.

Because the cystic lung destruction in LAM has been attributed to increased expression and
activity of MMPs, use of pharmacological MMP inhibitors appears as a potential approach.
However, drug development to target MMPs has been unsuccessful, and currently, there are
no MMP inhibitors approved for clinical use. In preclinical testing doxycycline, which
clinically used as an antibiotic, demonstrated inhibitory effect on MMPs in TSC2-null cells
[45, 47]. Doxycycline, inexpensive and well tolerated drug, appeared as an attractive
candidate for clinical use. Thus, in 2006 a sensational clinical case reported use of escalating
dose of doxycycline by a single LAM patient showing improvement in lung oxygenation
[47]. This study prompted a clinical trial to determine the effect of doxycycline in LAM. A
randomized, double blind, placebo controlled trial of doxycycline in LAM opened in the
United Kingdom in 2009 (Table 1). Currently, trial is closed for enrollment and results were
reported by Johnson and colleagues [48]. Another doxycycline trial has been completed in
Brasil [49]. In this open label trial, 31 LAM patients were treated with 100 mg daily
doxycycline for 12 months. No significant differences in serum levels of MMP-9 and
VEGF-D have been detected between pre- and post-doxycycline treatment. Patients with
mild symptoms appeared to have better response to therapy. Although, as noted by authors,
these effects seemed not related to doxycycline treatment [50].

6. Targeting metastatic spread of LAM cells?

Pulmonary LAM is a low grade metastasizing neoplastic disease [1]. LAM cells were
detected in blood, chyle, and urine [51], and LAM cell shedding was detected in the lymph
[52]. Genetic link has been established between cell forming angiomyolipoma and LAM
lesions in the lung [53]. Recurrent LAM was reported after lung transplantation and
confirmed genetic mutations of the host in transplanted lung [54]. In primary culture human
LAM cells behave like typical cancer cells — they do not require nutrients for exponential
growth [12, 55], show uncontrolled migration and invasiveness [35]. Importantly,
invasiveness of LAM-derived cells in cell culture is not responsive to rapamycin, suggesting
that other therapeutic approaches may be needed.
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Pro-oncogene Src is a non-receptor protein tyrosine kinase with a well-established role in
cancer and metastasis [56]. A study by Eissa and colleagues demonstrates Src activation in
TSC2-null cells [57]. Src activation induces migration and invasiveness by downregulating
expression of E-cadherin, a hallmark of epithelial to mesenchymal transition, in TSC2-null
rat embryonic fibroblasts. Inhibition of Src attenuates TSC2-null cell migration and
invasiveness. Pretreatment of TSC2-null cells in culture with Src inhibitor saracatinib
attenuates their colonization of the lungs suggesting a role of Src in experimental metastatic
model [57]. This preclinical evidence lead to initiation of the phase | study of Tolerability of
Saracatinib in Subjects with Lymphangioleiomyomatosis (SLAM trial) (Table 1).
Saracatinib is a Src family kinase inhibitor currently in phase Il clinical trials in patients
including those with breast cancer, colorectal cancer, prostate cancer, and melanoma. The
goal of the SLAM trial is to determine a safety profile in patients treated with escalating
doses of saracatinib. Patients will be given three daily doses (50 mg, 125 mg, and 175 mg)
of saracatinib for 4 weeks followed by 4 weeks observation. The SLAM trial is open for
enrolment.

7. Using bronchodilators in LAM?

Airflow obstruction is one of the abnormalities of pulmonary function in LAM, but the
underlying mechanism is not well understood. Typically, in asthma, airway obstruction
results from chronic or irreversible contraction of airway smooth muscle. Inhaled {3,-
adrenergic receptor agonists cause airway relaxation, dilation of airways, is a common
therapeutic approach in treatment of patients with asthma to improve airway obstruction
[58]. Retrospective and prospective study of lung function of 143 patients and lung biopsies
of 74 demonstrated a correlation between a positive response to bronchodilators with more
severe airflow obstruction and a predominantly solid pattern of LAM lesions in the lung
biopsy [59]. This study also showed an increase in FEV1 by 12% in approximately 30%
LAM patients on po-adrenergic receptor agonists albuterol [59]. A recent pilot study using
other po-adrenergic receptor agonist salbutamol produced a slight improvement in airway
obstruction without improvement in dynamic hyperinflation and in exercise tolerance [50].
The goal of the current trial (see Table 1) is to determine the most effective route to deliver
albuterol, either as a metered dose inhaler or a nebulizer.

8. Expert Opinion

Sirolimus is the only treatment of LAM validated in clinical trials approach [15, 16], and is
currently under review at the FDA for approval as a LAM treatment. Sirolimus stabilizes
lung function and improves some measures of quality of life and functional performance in
patients with moderately severe LAM with FEV1 after bronchodilation of 70% or less of
predicted value [5]. The drug has several adverse effects after one year of treatment, most of
which are typical for this class of drugs. The drug withdrawal follows the disease
progression with worsening of lung function and decline in lung capacity. Because of
sirolimus side effects, the reduction of sirolimus daily dose might be an option. A
retrospective, observational 6-month study of 15 patients of blood level of sirolimus
performed in Japan reported promising findings about a potential effect of low doses of
sirolimus on lung function [60]. Thus, the annual rates of change in FEV1 and FVC were
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improved in 9 patients. The chylous effusions resolved in 6 out of 7 patients. The clinical
trial to validate this pilot data is needed to determine whether a reduction in daily dose of
sirolimus might be an option for LAM patients.

Because sirolimus does not provide complete and sustain response to treatment, the
development of new generation of mTOR inhibitors is underway for treatment of cancer
[14]. Rapalogs are the first-generation of mTOR inhibitors and do not completely inhibit
mTOR activity, thus drug withdrawal resumes cells or tumor growth. Rapamycin is a
naturally-derived antibiotic from a soil bacterium Streptomyces hydroscopius. In
mammalian cells rapamycin forms a complex with another protein named FKBP12, which
then binds to specific rapamycin-binding domain of mTOR without direct effect on catalytic
site of mTOR. Invitro and in vivo studies uncovered an underlying mechanism limiting
rapalog effects on mTOR activity as a drug and its cytostatic effects on cell and tumor
growth [14, 32, 61-65].

The second-generation of mTOR inhibitors that directly target the mTOR catalytic site have
been developed, and data show that they can completely inhibit cell growth as compared to
rapamycin which only reducing cell proliferation [14]. This new generation of ATP-
competitive drugs shows potent mTOR inhibition and are currently in early clinical trials for
treatment of cancer [66]. In the future, promising second generation of mTOR inhibitors
might find their way for treatment of LAM after vigorous pre-clinical and clinical testing to
determine their relevance and safety for LAM patients.

Recent study uncovers intriguing and surprising number of patients with LAM neither TSC1
nor TSC2 gene mutations have been identified [67]. This evidence suggests that other
factors, yet to be discovered, could cause LAM disease. Thus, discovery of new genes, gene
modifiers or epigenetics changes might hold a promise for novel therapeutic target(s) for
drug development and treatment of S-LAM and TSC-LAM.

Rapalogs and future generation of mTOR inhibitors predominantly target LAM cell growth.
Mutation of TSC1/TSC2 in addition to unleashing the cell growth also deregulates cellular
metabolism [68-72]. In the past 10 years, targeting cancer metabolism has emerged as very
promising direction for development of targeted therapies [73]. Some of the
pharmacological agents which have been used in clinic and a few which have been under
development might provide a potential approach for combination therapies for LAM in a
future.

Over the last decade, substantial progress has been made in identification of molecular
targets and in their clinical validation for treatment of LAM. LAM disease progression could
be slowed down, but the goal for the near future is to find an answer as to whether lung
destruction can be prevented or can lung function be restored in LAM patients. Therapeutic
approaches to prevent destruction of lung parenchyma and development of abnormal
lymphatics have not been developed and are urgently needed. Future directions and
molecular targets for LAM treatment (Table 2) might include inhibitory antibody against
VEGEF-D or VEGFR3 inhibitors to prevent VEGF-D cellular signaling, development of
novel immunotherapy [74], drugs to enhance stress in endoplasmic reticulum [75] and
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induce cell death, and repurposed or novel drug developed by the pharmaceutical
companies. LAM is a fatal lung disease and we are closing in on finding the best treatment.
The goal is to treat and control this disease completely. | would like to see this happen in my
lifetime.
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Figure 1. Schematic representation of deregulated cell signalingin LAM
Mutational inactivation of TSC1/TSC2 uncouples mTORCL regulation from growth factor

control causing uncontrolled protein synthesis and abnormal cell growth in pulmonary
lymphangioleiomyomatosis (LAM). mTORC1 is a master regulator of cell growth and
metabolism, which mediates three major inputs from growth promoting signals such, for
example, growth factors and insulin. mTORCL directly phosphorylates and activates S6K1
and inhibit 4E-BP1, which leads to protein synthesis, cell growth and proliferation.
mMTORCL1 is negatively regulated by tumor suppressor complex TSC1/ TSC2, which activity
is suppressed by inhibitory phosphorylation of TSC2 by PI3K-dependent Akt. PI3K is
activated by multiple inputs such as growth factors and insulin, which leads to recruitment
of PI3K to the membrane and its binding to RTK. Active PI3K converts
phosphatidylinositol-4,5-biphosphate (PIP,) to phosphatidylinositol-3,4,5-trisphosphate
(PIP3), which leads to PDK1-dependent phosphorylation of Akt followed by activation of
mMTOR in the mMTORC1 complex.

Expert Opin Orphan Drugs. Author manuscript; available in PMC 2016 January 14.



Page 15

Krymskaya

AV1-S
10 DS YlM pajerdosse

olpelods
10 (0S1) x31dwoY s1s01819S
snoJagn Jayn3 i

(synsai ewodijoAwo1buy pa1e190ssy ewodijoAwolbuy
sey) asop Ajrep yum sjusied UHM J8AQ pue
Buninioas Buwor :(Tooavy) Bunean ur T00AVY J0 8T paby sjusned ul T00AVYH
S|eannageuLIeyd SIeAON a)ey asuodsay ewodijoAwolbuy | syuo 2T | 10U ‘BAndY snwijolang | Aoeoryss pue Asges ayl 10 A1aJes pue Aoeay3 | Z/68600LON
dn moj o4 (T-Wv1s) (WvT)
VSN S¥99M\ 8 + Bw /T pue ‘Bw 62T NV T Ynm sjuaired sisorewoAwoiajolbueydwA]
X1 ‘U0ISNOH ‘auldIpaIN JuBWIIRa] ‘Bw Og :glunesees Jo ul poRIeS JO YU s109lgns Ui qiuneseses
10 369]]0D JojAeg uoneuIWIgleQ 850 sPaM 7 | Buninioay sasop Ajrep Buiejessy Aiayes pue Ajiqess|o L 10 Aujiqessjol ayl | sy9vT¥00.LON
AV (Av)
MN 10 uoissalboud ayy uo sisorewoAwolajolbueydwA]
‘weyBimon jo Ausianiun TA3H Jo abueyd jo ayes ues\ | SUIUO 172 umouxun Buwipg :aurakaAxoq au119A2Axop Jo 198143 uj auljaAoAxoq | 60ZESETOLON
snwijoJanse
10 snwijolis
Bw oy pue 10 3s0p (syuow
Bw Oz :uneiseAws Jo € 1589 18 10}) B|qeIS B
SNWIJ0J3AS 10 SNWI[OJIS sasop Ajrep Buneesss | uo syusned ul SI-NV1
vsn ‘elydjapeiyd 10 9s0p 3|qeIs e uo syualred UNM SNWIJ0IBAS | 10 S-IAVT JO Juswiealy
‘elUeA|ASUURd | SL-INVT PUe S-AYT 4O Juswiean 10 snwijolis 31 U1 UITeISBAWIS (SOS) DS pue
10 AusIaniun 3y} Ul uneISeAWIs Jo Alajes SYIUOW ¢ | Buninioay 10 uoIjeUIqWOo)D Jo Agges ayl | INWT Ul uneiseAws Jo A1vges | 6/T/89T0LON
Bw ooy 40 Bwi 0og
:auInboJojyoAxolpAy auinbolojyoAxoipAy (11vS)
10 pue snwijous sisojewoAwolsjoibueydwA
VSN auinbolojyaAxoipAy sasop A|rep Buirejeasa 10 uoneUIqUIOd UHUAN USWOAA
‘WY ‘uolsog ‘rendsoH pue SNW1j0IaAs JO pue snwijols ay1 Jo Aljiqels)o} ul auinbolojyoAxolpAH
S,USWOAA pue weybug | uswiealy [euoleuiquiod Jo Alajes syiuoN 9 | Buninioay 10 uoljeuIqWo)D pue Aleges ayl | pue snwijodis Jo Apms Aages | 00¥06200L0ON
sisorewoAwolajoibueydwA]
a-493A BwoT ‘Bwg VT Yum suaned ul UM SJuslled ul (snwijolanl)
winJas Jo solweuApodeweyd ‘bwgz :(Tooavy) (snwijolans) T00AVY 700AQVY 40 sasoq
pue SNWI0I9AS JO snwijoland Jo 10 sasop Bunejeass Buire|eas3 10 ssausAIdLyT
S[eannageuLIeyd SILBAON sonaujodeweyd ‘A1ayes ssassy s)e9M 92 | pareidwo)d | sasop Ajrep Buiejeas3 10 A1ages ay | ay) aulwialdg 01 ApMS v | 8TE6S0TOLON
aseasIp
Bun| Jo uoissaiboid
Aejap Jo juanaid
111 INYT YUM USWOM
lesnedousauwisod
ur lonqyui (vyy)
asejewole ue Aq sisorewoAwoiajolbueydwA]
VSN ‘HO (TA34) puo9as auo ul SWNJOA asop Ajrep uoissaiddns uabouise ul
‘IIeUUIdUID JO ANSIBAIUN AJojesidx3 paolo4 uo1oaye ayl | SYUON 2T umouxun Bw gz :910z01197 JaYIBYM aUILWIBIap O uonIqIyu| aselewoly Jo el | 8€566.T0LON
S9Inses |\
awo2INO
uoI1es0] Arewiid uolreing sneis UonUBAJBIU | asod.ind 9|l | lequnp feriL
LSIBLLL [ed1Ul]D [euoiuanIaiu|
Talqel

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Expert Opin Orphan Drugs. Author manuscript; available in PMC 2016 January 14.



Page 16

Krymskaya

/A0B's[eLI|RIIUND//:dNY 89S ‘S|Ielsp 10w 104
¥

vsn
‘(197 THN) aimnsu| poojg

18zi|ngau jo1aInqg)y
Jo (synd Jnoy 1o

uonouny
Bun| pasedwod

aq []Im Jazingau

B YJIM 10 J3[eyul asop
paJalew e ul uanib

sisorewoAwolajolbueydwA]
10} |04BINQ Y

pue ‘BunT ‘UeaH [euoneN uonouny Bunj ur Juawanoidw| skege | Bumnioay | om) Jafeyur josIng|y |oJaINg|Y 40 108143 pajeyu] Jo pazingaN | ZT/9TTZ0LON
uoneyadAy
Bururen yibuans J1WeuAp pue
a[osnwW Jo sanuIw Qg uoneNWI| [euonouNy
pue Bulures) 8s1219xa ‘9210 BJ2SNW ‘81|
2100.3e ||IWwpea)) 10 Aienb ‘eaudsAp
10 saInuIW g ‘A1oedes as1019xa
Jo Bunsisuos weiboud uo uonel|iqeyas
Jiseig Answobia 9942 ares Yiom uonel|Igeyay Areuownd sisorewoAwoiajolbueydwA]
‘o]ned Ues Jo ANsIanlun JURISU0D BuLINp awi ddueINpUg syeaM 2T | Buninioay Aleuow|nd | 40108148 8y} sulWIBRQ U1 uonel|igeyay Areuownd | T¥260020LON
auljaseq WoJj aiow
10 Juadsad AUy Aq sasealsdsp MaamyBwo, V1 pUe DS1 V1 d1pelods
VSN ‘HO ‘Ieuudul) awinjoA ewodijoAwoibue ‘06 ‘o€ 4o Aep/Bw | yum swuaired ul swnjoA pue xa1dwo)d S1 YA
‘19Jua) [e2IPaIN 113y 31 sispuodsal 0T pue G ‘(Tooavy) ewodijoAwolbuy sluaned ul ewodijoAwolbuy
[e)dsoH s,uaIpiiyd palapisuod aq [|Im spualed | SYUO ¥z | palsidwod snwijolsng 10 uononpay Jo AdessyL 100AVYH | L6€T9020LON
(2-151X3) (Y1) sisorewoAwors|olbueydwAT
(z-1S1X3) (NY1) sisorewoAworzjolbueydwAT
S9.Inses N
awo2IN0
uoles0] Arewlid uolreing sneis UoUBA B | asod ind 9L | lequn L

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Expert Opin Orphan Drugs. Author manuscript; available in PMC 2016 January 14.


http://clinicaltrials.gov/

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Krymskaya

Table 2

Therapeutic Targeting in LAM

LAM Pathology/T ar get

Potential Drug

LAM Cell Growth

Sirolimus

Everolimus

New Generation mTOR inhibitors”

LAM Cell Survival

Simvastatin

Hydroxychloroquine

LAM Cell Migration Simvastatin
Saracatinib
Estrogen Letrozole

Fulvestrant (Faslodex)*

Lymphangiogenesis

Pazpanib/axitinib*
Soluble VEGFR-3"

Anti-VEGF-D antibody”

Matrix Degradation

Doxycycline
Metalloproteinase inhibitors™

Cathepsin inhibitors”

Endoplasmic Reticulum (ER) Stress

Bortezomib (Velcade)*

Metabolic Reprogramming

Glucose/glutamine depravation*

Epigallocatechin gallate (EGCG)*

*
Potential drugs of interest and therapeutic approaches which have not yet been tested
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