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0. Abstract

Lymphangioleiomyomatosis (LAM) is a systemic, progressive, and rare disease
that predominantly affects women during their reproductive years. This disease is
characterized by the abnormal proliferation of smooth muscle-like cells, referred to as
LAM cells. This leads to cystic destruction of the lung, abnormalities in the
lymphatic system, and the emergence of renal tumors. This review aims to elucidate the
pathophysiological mechanisms underlying LAM, drawing on current research to
highlight the cellular and molecular pathways involved. Approximately 30% of women
diagnosed with a genetic disorder known as tuberous sclerosis complex (TSC) also
exhibit LAM. TSC is commonly characterized by cardiac rhabdomyomas, facial
angiofibromas, and various forms of brain tumors. The clinical manifestations of LAM
are diverse, with dyspnea being a common symptom, which is observed in
approximately 66% of all cases. This is largely attributed to the obstruction of airflow
and the replacement of healthy lung tissue with cysts. Pneumothorax is another
common symptom, occurring in approximately 70% of all cases. In such instances,
pleurodesis is often recommended to prevent recurrence.

Despite extensive research, no single clinical or serological factor or test has
been identified that can reliably predict the prognosis of LAM patients. As such, the
disease continues to pose significant challenges in terms of diagnosis and
management. Although tests such as a VEGF-D serum level test, high-resolution
contrast tomography, and lung cell biopsy have improved specificity in diagnosis, the
advent of newer technologies promises to further enhance diagnostic accuracy. Further
research is imperative to better understand the pathophysiology of LAM and to develop
more effective therapeutic strategies.

1. Epidemiology

LAM is estimated to affect approximately 3-8 per million women' , although precise
prevalence rates are challenging to determine due to underdiagnosis and
misclassification with other respiratory diseases such as asthma, chronic obstructive
lung disease, or bronchitis.? The disease is characterized by the abnormal proliferation
of smooth muscle-like cells, known as LAM cells, which invade the lungs, lymphatics,
and other organs.® Epidemiologically, LAM occurs in two distinct forms: sporadic LAM
(S-LAM) and tuberous sclerosis complex-associated LAM (TSC-LAM). The former is
almost exclusively diagnosed in women who typically have no prior history of tuberous
sclerosis complex (TSC), whereas the latter is seen in women with TSC, an autosomal
dominant genetic disorder. The prevalence of LAM is notably higher in women with
TSC, with estimates suggesting that up to 30-40% of women with TSC may develop
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LAM.* LAM occurs almost exclusively in women, underscoring a potential hormonal
influence in its pathogenesis. Although LAM occurs almost exclusively in women, few
cases have been reported in males, as confirmed with radiological and/or histological
reports. ° ® The median age of diagnosis is around 35 years, though the disease can
manifest earlier or later. Despite being rare, LAM'’s incidence may be underreported due
to its non-specific clinical presentation, which often mimics other pulmonary conditions
such as asthma or chronic obstructive pulmonary disease (COPD).” This dysregulation
promotes the proliferation and migration of LAM cells, contributing to the progressive
lung damage seen in patients. The rarity and gender-specific prevalence of LAM
highlight the importance of further epidemiological studies to better understand the
disease's risk factors, natural history, and potential environmental or genetic modifiers
that may influence its development and progression.

2. Pathophysiology

Lymphangioleiomyomatosis (LAM) involves the proliferation of abnormal smooth
muscle-like cells, known as LAM cells, in the lungs, lymphatics, and kidneys. This cell
growth results in cyst formation, progressive respiratory failure, and other systemic
symptoms. LAM occurs in two forms: sporadic LAM (S-LAM) and tuberous sclerosis
complex-associated LAM (TSC-LAM), both of which have similar clinical and
histopathological characteristics. The pathogenesis of LAM is tied to mutations in the
TSC1 or TSC2 genes, which encode the proteins hamartin and tuberin. These proteins
form a complex that inhibits the mammalian target of rapamycin (mTOR) pathway,
which is crucial for cell growth and proliferation. In TSC-LAM, germline mutations in
TSC1 or TSC2 cause widespread cellular dysfunction, whereas, in S-LAM, somatic
mutations are the cause. The loss of hamartin or tuberin function leads to the constant
activation of the mTOR pathway, which promotes abnormal cell proliferation, survival,
and migration.

Understanding the regulation of the mTOR pathway is essential to grasp LAM
pathogenesis. The proteins hamartin and tuberin, encoded by TSC1 and TSC2, form a
complex with TBC1D7 that regulates the kinase mTOR via the G protein Rheb.® The
hamartin-tuberin complex usually keeps Rheb in an inactive GDP-bound state. Akt
phosphorylation of tuberin disrupts this complex, increasing Rheb-GTP levels and
enabling the formation of the mTORC1 complex with Raptor, mLST8, and PRAS40. °
This activation leads to the phosphorylation of downstream targets such as mTOR,
p70S6K, and 4E-BP1'%" which boosts the expression of proteases, vascular
endothelial growth factor A (VEGF-A), VEGF-C, VEGF-D, Hypoxia-inducible factor
1-alpha (HIF-1a), Inosine-5'-monophosphate dehydrogenase (IMPDH), while also
inhibiting calcineurin inhibitor FKBP38-BCL2 and Unc-51-like kinase 1 (ULK1). '
Additionally, the formation of the mTORC2 complex with Rictor, mSIN1, and mLST8
activates Akt, ROCK, and RhoA kinase, enhancing glucose metabolism, cell survival,
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cytoskeletal rearrangement, cell movement, and prostaglandin metabolism. The
hyperactivity of mMTORC1 in TSC mutant cells drives anabolic metabolism by increasing
protein, lipid, and nucleotide synthesis, leading to cell growth and proliferation.
Furthermore, elevated levels of angiogenic factors VEGF-A, VEGF-C, and VEGF-D
promote angiogenesis and the development of lymphatic channels, potentially aiding
LAM cells in spreading through the circulation. '* Emerging evidence indicates that LAM
cells can evade the immune system through mTOR-dependent expression of
checkpoint ligands and modulation of natural killer cell function, as supported with
experimental animal models and in glioma '*'>. This deeper understanding of LAM
pathophysiology has identified various therapeutic targets, with mTOR inhibitors like
sirolimus showing promise in slowing disease progression by targeting the hyperactive
mTOR pathway.
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Figure 1: The schematic illustrates the mTOR signaling pathway, highlighting the
regulatory role of the TSC1-TSC2 complex in cellular growth and metabolism. Upon
estrogen binding to receptor tyrosine kinases (RTKs), AKT is activated, which
phosphorylates and inhibits the TSC1-TSC2 complex. This inhibition facilitates the
accumulation of GTP-bound RHEB (Ras homolog enriched in brain), which activates
MTOR complex 1 (MTORC1). The mTORC1 complex, consisting of mMTOR, Raptor, and
mLST8, phosphorylates downstream effectors such as S6 kinase 1 (S6K1) and
4E-binding protein 1 (4E-BP1), driving translation, protein synthesis, and cell growth.
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MTOR complex 2 (MTORC2), composed of mTOR, Rictor, and mLST8, promotes cell
survival and cytoskeletal organization by phosphorylating AKT. Dysregulation of this
pathway is central to the pathogenesis of Lymphangioleiomyomatosis (LAM), as
mutations in TSC1 or TSC2 lead to constitutive activation of mMTORC1, resulting in
uncontrolled cell proliferation. Therapeutic agents such as rapamycin and its analogs
(sirolimus and everolimus) inhibit mMTORC1 activity, providing a targeted approach to
modulate disease progression.

2.1 Impact of VEGF-A, VEGF-C, and VEGF-D upon Pathogenesis

The impact of vascular endothelial growth factors VEGF-A, VEGF-C, and
VEGF-D on the pathogenesis of lymphangioleiomyomatosis (LAM) is profound,
primarily due to their roles in angiogenesis and lymphangiogenesis, which significantly
contribute to disease progression. VEGF-A is a potent angiogenic factor that is
markedly elevated in LAM patients.'® This overexpression results in abnormal blood
vessel formation within lung tissues, facilitating the growth and survival of LAM cells by
supplying essential nutrients and oxygen." This angiogenic process not only supports
LAM cell proliferation but also contributes to increased vascular permeability 9,
leading to recurrent chylous effusions, which complicates the clinical course of 9-30% of
LAM patients.?*22 Furthermore, the abnormal vasculature formed under the influence of
VEGF-A creates a microenvironment that protects LAM cells from apoptosis, allowing
them to persist and invade surrounding tissues.® This contributes to the progressive
loss of pulmonary function, with the rate of decline in forced expiratory volume in one
second (FEV1) being highly variable and largely unpredictable with the mean annual
decline in FEV1 ranging from 60 to 134 mL per year as determined through analysis of
several clinical trials. 2*2°

VEGF-C and VEGF-D are integral to the development and remodeling of the
lymphatic system, which is severely affected in LAM. These growth factors are markedly
upregulated in LAM patients, with serum VEGF-D levels often exceeding 800 pg/mL2®
compared to less than 200 pg/mL? in healthy individuals. VEGF-C and VEGF-D drive
lymphangiogenesis, resulting in the formation of dysfunctional, dilated lymphatic
channels, as supported by the hyperplasia seen in transgenic mice lymphatic vessels?.
This aberrant lymphangiogenesis is a key factor in the spread of LAM cells through the
lymphatic system, contributing to the formation of lymphangioleiomyomas and the
accumulation of lymphatic fluid by impairing lymphatic drainage.?® The disrupted
lymphatic architecture also leads to complications such as chylothorax, which occurs in
up to 20-30% of LAM patients', further aggravating the clinical manifestations of the
disease. Elevated VEGF-D levels serve as a diagnostic biomarker for LAM, with a
specificity of around 97% and sensitivity of approximately 82%3>°, providing a
non-invasive means of assessing disease presence and progression.
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The interaction between the hyperactive mTOR pathway and elevated VEGF
levels presents a complex network of pathogenic mechanisms in LAM. The
overactivation of mMTORC1 not only promotes LAM cell growth and proliferation through
anabolic metabolism?®' but also increases the expression of VEGF-A, VEGF-C, and
VEGF-D, thereby enhancing angioenesis and lymphangiogenesis. This multifaceted
pathogenic process underscores the potential of targeting VEGF signaling pathways as
a therapeutic strategy. mTOR inhibitors like sirolimus have shown efficacy in stabilizing
lung function, with clinical trials demonstrating a stabilization or improvement in FEV1 in
70% of treated patients and a reduction in lymphatic complications.?? By mitigating the
effects of the hyperactive mTOR pathway and subsequently decreasing
VEGF-mediated angiogenesis and lymphangiogenesis, sirolimus reduces VEGF
production, which in turn diminishes the aberrant vascular and lymphatic networks
supporting LAM cell survival and dissemination. Continued research into the specific
roles of these VEGFs in LAM will likely lead to more refined and effective therapeutic
approaches, improving outcomes for patients suffering from this debilitating disease.
The development of novel therapies that target both mTOR signaling and VEGF
pathways holds promise for more comprehensive management of LAM, potentially
halting or reversing disease progression and significantly enhancing patient quality of
life.

2.2 Warburg Metabolism and LAM

In lymphangioleiomyomatosis (LAM) and tuberous sclerosis complex (TSC),
sustained cell proliferation driven by mTOR activation requires major metabolic
adaptations. Under normal conditions, cells generate ATP through two main pathways:
aerobic glycolysis in the cytosol, which yields pyruvate and a small amount of ATP
(approximately 2 ATP molecules per glucose molecule), and oxidative phosphorylation
in the mitochondria, which results in a significantly greater ATP yield (up to 36 ATP
molecules per glucose molecule)®. In cancer cells, energy production shifts
predominantly to aerobic glycolysis via the Warburg effect. This metabolic
reprogramming, although less efficient in terms of ATP production, allows for the
diversion of glycolytic intermediates into biosynthetic pathways necessary for cell
growth and proliferation.® This shift is evidenced by increased glucose uptake and
lactate production, which can be up to 10 times higher in rapidly proliferating cells
compared to normal cells.®*

Otto Warburg reported that cancer cells preferentially utilize glycolysis rather than
oxidative phosphorylation for energy production, even under aerobic conditions, despite
the significantly lower ATP yield per glucose molecule. This process is termed the
Warburg effect. In TSC-deficient cells, mTOR activation appears to promote the
Warburg effect by upregulating HIF-1a which in turn upregulates sterol regulatory
element-binding proteins (SREBP1 and SREBP2), which are integral to glycolysis, the
oxidative arm of the pentose phosphate pathway, and lipid biosynthesis®. For instance,
studies have shown that in mice models, HIF-1a levels can increase up to 3-fold in
TSC-deficient cells, leading to enhanced expression of glycolytic enzymes such as
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hexokinase 2 and lactate dehydrogenase A.*® This upregulation supports the shift to
aerobic glycolysis, ensuring a steady supply of biosynthetic precursors for rapid cell
proliferation.

Hypoxia-inducible factor 1a (HIF1a) plays a crucial role in this shift and is
upregulated under low-oxygen conditions to promote glycolysis, glucose transport, and
angiogenesis, thus supporting tumor survival and growth®. In LAM, mTORC1 activation
further increases HIF1a transcription and translation even under aerobic conditions,
thereby sustaining Warburg metabolism. This finding underscores the pivotal role of
mTOR in maintaining the glycolytic pathway and highlights the significance of metabolic
adaptation in the growth and survival of neoplastic cells in LAM and TSC. Quantitatively,
HIF-1a can enhance the expression of genes involved in glycolysis by up to 4-5 times,
promoting an increased glucose uptake that is often detected in imaging studies using
fluorodeoxyglucose (FDG)-PET, a common diagnostic tool in cancer metabolism. This
metabolic shift not only supports the anabolic needs of proliferating cells but also helps
in maintaining redox balance and cell survival under the proliferative stress conditions
typical of LAM and TSC.

2.3 Cellular interactions and matrix remodeling

LAM cells secrete matrix metalloproteinases (MMPs), particularly MMP-2 and
MMP-9%, which are believed to degrade ECM components and facilitate cell migration
and invasion®. This matrix remodeling contributes to the cystic destruction of lung
tissue and the formation of abnormal airspaces. This has been modeled in vivo, utilizing
a novel technique of implanting nanosensors in a preclinical mouse model of LAM.
These nanosensors consist of bar-coded peptides with specific proteinase cleavage
sequences attached to nanoparticles. When active proteases cleave these peptides, the
resulting fragments are excreted in the urine and measured via mass spectrometry.*
The results indicated that the MMP activity could be effectively monitored, providing
valuable insights into the dynamic proteolytic environment in LAM.

The significance of MMPs in LAM pathogenesis underscores the need for
targeted therapies to inhibit their activity. Pharmacological inhibitors of MMPs, such as
doxycycline, have shown promise in preclinical models by reducing lung destruction and
improving respiratory function. Clinical trials are warranted to assess the efficacy and
safety of these inhibitors in LAM patients. Furthermore, combining MMP inhibitors with
other therapeutic approaches, such as mTOR inhibitors like sirolimus, could provide
synergistic benefits by addressing multiple pathological mechanisms in LAM.
Additionally, LAM cells interact with other cell types, such as fibroblasts and immune
cells, within the lung microenvironment.*® These interactions are mediated through
various cytokines and growth factors, creating a proinflammatory and profibrotic milieu
that supports disease progression. For example, transforming growth factor-beta
(TGF-B), a key fibrogenic cytokine involved in cellular proliferation, differentiation, and
extracellular matrix (ECM) production, is markedly upregulated in
Lymphangioleiomyomatosis (LAM).*! This upregulation of TGF-B contributes to the
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pathogenesis of LAM by promoting fibrotic processes, including the excessive
deposition of ECM components such as collagen, leading to progressive fibrosis and
architectural distortion of pulmonary tissues.*'*? The resultant fibrosis and tissue
remodeling impair alveolar integrity, compromise lung elasticity, and progressively
reduce pulmonary function. TGF-B-driven fibrosis is thus a clear factor in the
pathophysiology of LAM, contributing to the chronic decline in respiratory capacity and
exacerbating clinical manifestations such as dyspnea, hypoxemia, and eventual
respiratory failure.

3. Statistical Insights

Epidemiological data underscore the rarity and severity of LAM. It predominantly
affects women, with an estimated prevalence of 3-7 per million people in the general
population. The average age at diagnosis is approximately 35 years, with many patients
experiencing a progressive decline in lung function. The median survival time from
diagnosis is approximately 10 years, though this can vary widely depending on the
extent of disease and response to treatment.

Pulmonary function tests in LAM patients typically show a decline in forced
expiratory volume in one second (FEV1) at an average rate of 75-120 mL per year. This
progressive decline highlights the need for early diagnosis and intervention to preserve
lung function. Therapeutic interventions targeting the mTOR pathway, such as sirolimus
(rapamycin), have shown efficacy in stabilizing lung function and reducing the size of
angiomyolipomas, providing a rationale for their use in managing LAM.

4. Clinical Features
4.1 Renal Angiomyolipomas (AMLs)

Renal angiomyolipomas (AMLs) are a prominent extrapulmonary feature in LAM,
affecting approximately 30-50% of patients.**** These benign tumors are composed of a
mixture of blood vessels, smooth muscle cells, and fat, often growing within the kidneys.
While many AMLs remain asymptomatic and are discovered incidentally during imaging
studies, larger tumors pose a risk for spontaneous hemorrhage, which can lead to acute
abdominal or flank pain, hematuria, and even hypovolemic shock.*® The risk of
hemorrhage increases with tumor size, particularly for those larger than 4 cm in
diameter.*® Regular monitoring through ultrasound or MRl is crucial for early detection
and assessment of AML growth and potential bleeding risks. When intervention is
necessary, options include selective arterial embolization to reduce blood supply to the
tumor, nephron-sparing surgery to remove the tumor while preserving kidney function,
and mTOR inhibitors like sirolimus or everolimus*’#¢. These pharmacological agents
have demonstrated effectiveness in shrinking AMLs and reducing the risk of bleeding,
offering a less invasive treatment alternative for patients with multiple or large tumors.
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4.2 Pleural Effusion

Pleural effusion, particularly chylous effusion, is a notable complication in LAM,
occurring in approximately 20-30% of patients?*“°. Chylous effusions occur due to
thoracic duct or lymphatic vessel disruption, resulting in the leakage of lipid-rich
lymphatic fluid into the pleural space. Clinically, chylous effusions in LAM are linked to
symptoms such as dyspnea, pleuritic chest pain, and persistent cough, which
exacerbate the already compromised lung function caused by cystic destruction.
Diagnostic imaging, including chest X-rays and CT scans, detects effusions in
symptomatic patients, while thoracentesis confirms the diagnosis by revealing a pleural
fluid triglyceride level exceeding 110 mg/dL*®, with levels surpassing 500 mg/dL in
severe cases. Management strategies include dietary modifications like a low-fat diet
with medium-chain triglycerides (MCTs), which bypass lymphatic transport and reduce
effusion recurrence. Although therapeutic thoracentesis offers temporary relief,
effusions recur in up to 75% of cases within six months. For persistent effusions,
pleurodesis shows success in 25-95% of cases®’, while pleuroperitoneal shunting
achieves a 60-70% reduction in effusion size. Furthermore, mTOR inhibitors, such as
sirolimus, have demonstrated efficacy in reducing chylous effusions and lymphatic
involvement in up to 50-70% of LAM patients, with studies showing a 30-50% reduction
in pleural effusion volume and recurrence rates. These therapeutic options underscore
the need for a comprehensive, multidisciplinary approach to managing chylous effusion
in LAM, addressing both the immediate respiratory symptoms and long-term disease
progression.

4.3 Pneumothorax

Pneumothorax, or the collapse of a lung due to the presence of air in the pleural
space, is one of the most frequent and significant complications in LAM, affecting up to
60-70% of patients®2. This condition often presents acutely with sudden onset of chest
pain, shortness of breath, and sometimes hypoxia, requiring prompt medical
intervention. The recurrent nature of pneumothorax in LAM patients poses a substantial
challenge, as many individuals experience multiple episodes®?, necessitating repeated
medical or surgical interventions. Initial management typically involves the insertion of a
chest tube to evacuate the air and allow the lung to re-expand. However, due to the high
recurrence rate, more definitive treatments are often necessary. Chemical or surgical
pleurodesis, which involves the introduction of a sclerosing agent or mechanical
abrasion to induce pleural adhesion and prevent future lung collapse, is commonly
employed. Video-assisted thoracoscopic surgery (VATS) is another option, allowing for
minimally invasive intervention to repair the lung and perform pleurodesis. Despite
these measures, the recurrence rate remains high at 2%-14%>3, prompting
consideration of lung transplantation in severe cases where recurrent pneumothorax
leads to significant morbidity and deteriorating lung function. The chronic and recurrent
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nature of pneumothorax in LAM highlights the need for ongoing surveillance and
proactive management strategies to improve patient outcomes and quality of life.

4.4 Lymphatic Manifestations

Lymphatic manifestations are a critical aspect of Lymphangioleiomyomatosis
(LAM), significantly impacting patient morbidity and occurring in approximately 30-40%
of sporadic LAM cases®. These manifestations include lymphangioleiomyomas, chylous
effusions, lymphadenopathy, and lymphatic obstruction. Lymphangioleiomyomas are
benign cystic tumors commonly found in the abdomen, retroperitoneum, and pelvis,
affecting up to 29% of LAM patients®. These tumors can cause symptoms such as
nausea, bloating, abdominal distension, and urinary issues, with their size often
fluctuating diurnally®®. Chylous effusions, including pleural effusions (30% of patients)
and ascites (10% of patients), result from lymphatic obstruction and are associated with
more advanced lung disease13. Lymphadenopathy, visible on CT scans in about 30%
of patients, typically affects the retroperitoneal, retrocrural, or pelvic regions1. LAM
lesions express lymphangiogenic growth factors VEGF-C and VEGF-D, as well as their
receptors VEGFR-2 and VEGFR-3, contributing to the formation of chaotic lymphatic
channels3. Serum VEGF-D is elevated in 70% of LAM patients and serves as a
valuable diagnostic and prognostic biomarker3. Treatment options for lymphatic
complications include sirolimus, an mTOR inhibitor that has shown effectiveness in
stabilizing lung function and resolving chylous effusions®**°. This molecular targeted
therapy is particularly promising for managing the lymphatic and chylous complications
of LAM®,

5. Diagnosis

Diagnosing lymphangioleiomyomatosis (LAM) can be a complex process due to its
nonspecific clinical presentation and the occasional need for histological confirmation.
There are several diagnostic methods that healthcare providers use to accurately
diagnose LAM and provide appropriate treatment. Currently, LAM is diagnosed on the
basis of compatible chest radiographs, pulmonary function tests (PFTs), and computed
tomography (CT) findings.

Serum VEGF-D Levels in Patients with Lymphangioleiomyomatosis (LAM)

Vascular endothelial growth factor-D (VEGF-D) has emerged as a crucial biomarker in
the diagnosis and management of lymphangioleiomyomatosis (LAM), a rare lung
disease characterized by cystic lung lesions and smooth muscle cell proliferation®.
VEGF-D, a lymphangiogenic growth factor, is overproduced in LAM due to tuberous
sclerosis gene mutations activating the mechanistic target of the rapamycin (ImTOR)
pathway[1]. Elevated serum VEGF-D levels have significant diagnostic value, with a
specificity of 97-100% at a threshold of 800 pg/mL when distinguishing LAM from other
cystic lung diseases®’. Studies have shown that approximately 70% of LAM patients
have elevated VEGF-D levels®"*8. This noninvasive test, performed through a simple
blood draw, offers a patient-friendly alternative to invasive procedures such as surgical
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lung biopsies®*°. The American Thoracic Society and Japanese Respiratory Society
recommend serum VEGF-D testing for diagnosing LAM in women with compatible CT
findings before considering surgical lung biopsy. Beyond diagnosis, serum VEGF-D
levels correlate with disease severity, lymphatic involvement, and treatment response,
particularly to mTOR inhibitors like sirolimus. Notably, VEGF-D levels markedly
decrease during sirolimus treatment, making it a valuable tool for monitoring disease
progression and therapeutic efficacy.

Serum vascular endothelial growth factor-D (VEGF-D) has emerged as a valuable
biomarker for lymphangioleiomyomatosis (LAM) diagnosis and management. Clinically,
elevated VEGF-D levels, typically above 800 pg/mL, demonstrate high specificity (98%)
for LAM diagnosis when combined with characteristic cystic changes on high-resolution
computed tomography (HRCT). However, sensitivity at this threshold is limited to 76%,
indicating that normal VEGF-D levels do not exclude LAM. VEGF-D levels in LAM
patients (mean 185611742 pg/mL) are significantly higher than in patients with other
cystic lung diseases (mean 410+£173 pg/mL, p<0.001) , and compared to healthy
controls (657 + 43 pg/mL; p < 0.001)%. This distinction aids in differentiating LAM from
other pulmonary conditions, although rare false positives may occur in diseases such as
Birt-Hogg-Dubé syndrome.®' Serial VEGF-D measurements contribute to monitoring
disease activity and treatment response. Notably, VEGF-D levels negatively correlate
with lung function parameters such as FEV1/FVC (rs=-0.8630; p=0.0269) and %DLCO
(rs=-0.9796; p=0.0035), suggesting its potential as a marker of disease severity.
However, VEGF-D levels may remain elevated in transplanted patients and those
receiving medical therapies, necessitating cautious interpretation in these contexts."

5.1 High-Resolution Computed Tomography (HRCT)

High-resolution computed tomography (HRCT) serves as the primary
noninvasive diagnostic modality, demonstrating exquisite sensitivity in detecting
characteristic cystic lesions with specificity ranging from 68.75% to 72.6%°%. Imaging
reveals multiple round, well-defined cysts of variable dimensions distributed uniformly
within the pulmonary parenchyma®®. The diagnostic accuracy requires correlation with
clinical presentation and ancillary diagnostic studies to differentiate from similar cystic
lung pathologies®. Diagnostic algorithms integrate HRCT findings with clinical data and
biomarkers to enhance diagnostic precision®. Serial HRCT examinations enable
precise quantification of disease progression, assessment of therapeutic response, and
early detection of potential complications such as pneumothorax or pleural effusion®.
These comprehensive imaging evaluations guide clinical interventions, therapeutic
strategies, and longitudinal management protocols.
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While HRCT demonstrates high diagnostic sensitivity, its findings are not
pathognomonic, necessitating a multifaceted diagnostic approach®. Definitive diagnosis
may require clinical evaluation, serological testing, pulmonary function studies, and
potentially histopathological examination. The integration of HRCT with clinical and
laboratory data significantly improves overall diagnostic accuracy for various pulmonary
conditions®?.

Ongoing research aims to refine HRCT techniques for better image resolution
and diagnostic accuracy. Advances in imaging technology, like ultrahigh-resolution CT,
may improve detection and monitoring of LAM. Integrating HRCT with other modalities,
such as MRI for extrapulmonary manifestations or PET-CT for metabolic activity, could
offer a more comprehensive LAM assessment. In summary, HRCT is pivotal in LAM
diagnosis and management, offering high sensitivity and detailed imaging capabilities.
Its noninvasive nature makes it suitable for both initial diagnosis and ongoing
monitoring, significantly contributing to patient care. Interpreted alongside clinical data
and other diagnostic tests, HRCT enhances diagnosis accuracy, informs treatment
decisions, and helps monitor disease progression, reflecting advancements in
diagnostic imaging and personalized medicine, ultimately improving outcomes for LAM
patients.

5.2 Pulmonary Function Tests (PFTs)

Pulmonary Function Tests (PFTs) are indispensable for evaluating the functional
impact of lymphangioleiomyomatosis (LAM) on pulmonary physiology. These
comprehensive assessments typically reveal obstructive or mixed obstructive-restrictive
ventilatory defects, providing critical insights into disease progression and respiratory
mechanics. Characteristic findings include a reduction in forced expiratory volume in
one second (FEV1) and a significant decrease in the diffusing capacity of the lung for
carbon monoxide (DLCO), which serve as quantitative markers of pulmonary
impairment.

The standard PFT battery comprises three primary diagnostic components:
spirometry, which quantifies FEV1 and forced vital capacity (FVC); plethysmography,
measuring total lung capacity (TLC) and residual volume (RV); and single-breath carbon
monoxide uptake, evaluating diffusing capacity. Among these parameters, spirometry,
particularly FEV1, emerges as the most critical metric for longitudinal assessment in
LAM patients. Recent technological advancements have facilitated the development of
portable spirometers, enabling more frequent and convenient domiciliary pulmonary
function monitoring.

A comprehensive clinical evaluation remains paramount in the diagnostic
algorithm, particularly for identifying concomitant tuberous sclerosis complex (TSC).
Clinicians must conduct meticulous physical examinations, paying close attention to
characteristic cutaneous manifestations such as facial angiofibromas, subungual
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fibromas, shagreen patches, and hypomelanotic macules. These dermatological
findings can provide crucial diagnostic clues and support comprehensive patient
management.

While PFTs are invaluable for assessing pulmonary function, clinicians must
recognize their inherent limitations. These tests may lack sensitivity for detecting early
functional changes and potentially increase the risk of pneumothorax in LAM patients.
Therefore, a multimodal approach integrating PFTs with high-resolution computed
tomography (HRCT) offers the most comprehensive evaluation of LAM, ensuring a
nuanced understanding of disease progression and individual patient characteristics.

5.3 The rs4588 Polymorphism

A significant finding from the NHLBI cohort study highlighted the critical role of genetic
variation at rs4588 in lymphangioleiomyomatosis (LAM) disease progression. Women
carrying the CC genotype at this locus exhibited a markedly accelerated time to death
or lung transplant, with a median time of 104 months compared to 150 months for those
with AA or AC genotypes.® This 46-month reduction in median time to death or
transplant for CC genotype carriers underscores the prognostic significance of this
genetic variant in LAM.% The rs4588 polymorphism affects the vitamin D binding protein
(VTDB), encoded by the GC gene. Serum VTDB levels were found to be lower in
progressive LAM compared to stable disease, correlating with diffusing capacity
(DLCO). This suggests that VTDB levels may serve as a biomarker for disease severity
and progression.

5.4 Clinical Implications

Despite serum VTDB levels showing no correlation with age, menopausal status,
or serum VEGF-D levels, they stand out as potential markers for disease progression.
This suggests that VTDB levels could serve as a critical tool in personalized treatment
strategies and clinical trial designs. The ability to monitor VTDB levels may provide
valuable insights into disease activity, enabling more precise and effective clinical
interventions.

5.5 Treatment

The cornerstone of LAM treatment is mTOR inhibition, primarily utilizing sirolimus
(rapamycin) and everolimus. These agents inhibit the constitutively activated mTOR
pathway in LAM cells, mitigating dysregulated cellular proliferation. Sirolimus has
demonstrated significant efficacy in preserving lung function and reducing
angiomyolipoma size. The Multicenter International LAM Efficacy of Sirolimus (MILES)
trial revealed a mean FEV1 gain of 1 £ 2 ml/month with sirolimus compared to a 12 + 2
ml/month decline with placebo®. A meta-analysis showed significant improvements in
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FEV1 and FVC after mTOR inhibitor therapy, with weighted mean differences of 0.15 L
(95% CI: 0.08 t0 0.22, P < 0.01) and 0.22 L (95% CI: 0.11 t0 0.32, P < 0.01),
respectively®.

Everolimus has also shown promising results in LAM treatment. In a phase lla
study, everolimus treatment for 26 weeks resulted in a mean FEV1 improvement of 114
mL (95% CI: 11-217) from baseline®. Additionally, everolimus demonstrated efficacy in
reducing VEGF-D levels, a biomarker of LAM severity, from a median of 1730 pg-mL-1
to 934.5 pg-mL-1 over 26 weeks®. Long-term studies have shown that sirolimus can
maintain its efficacy for up to 4 years, with annual changes in FEV1 and DLCO reduced
from -7.4% + 1.4% t0 -0.3% = 0.5% (P < 0.001) and -6.4% * 0.9% to -0.4% £ 0.5% (P <
0.001), respectively 557, However, it's important to note that cessation of sirolimus
therapy can result in disease progression, underscoring the need for continuous
treatment®.

In addition to mTOR inhibitors, other pharmacological treatments for LAM have
been investigated. For instance, combination therapies of doxycycline and sirolimus
were studied in the Sirolimus and Autophagy Inhibition in Lymphangioleiomyomatosis
(SAIL) trial, but no beneficial outcomes were observed that did not improve significantly
beyond those previously demonstrated in the MILES trial®. A question of inquiry should
also be why, in the SAIL trial in the group receiving 400 mg of hydroxychloroquine, the
heightened dosage had no significant impact on lung function as measured by FEV1,
FVC or DLCO levels. The efficacy and safety of this combination therapy
of sirolimus and hydroxychloroquine remain to be further investigated. In conclusion,
while sirolimus and everolimus are currently the most effective pharmacological
treatments for LAM, further research is needed to optimize their use and explore novel
therapeutic approaches.

6. Methods

To gather information for my analysis, | utilized PubMed, Google Scholar, and the
Cochrane Library as primary search engines, with key terms including
“‘Lymphangioleiomyomatosis,” “mTOR inhibitors,” “VEGF-D,” “angiomyolipomas,” and
“chylous effusions.” Searches also included specific terms related to the mechanisms,
challenges, and therapeutic applications of these topics. Search results were filtered to
include peer-reviewed articles published within the last 20 years, with exceptions made
for older studies that were deemed credible and relevant after cross-referencing with
more recent findings. Additionally, reputable medical websites, such as those from the
National Institutes of Health (NIH) and Cleveland Clinic, were consulted to corroborate
information and ensure accuracy, particularly in sections addressing therapeutic
applications.

Data extraction focused on identifying key findings, such as the mechanisms
underlying LAM, challenges in its management, and clinical applications of targeted
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therapies. Each relevant article was analyzed for details including publication date,
study outcomes, and methodologies. References cited within primary articles were also
reviewed and incorporated when they provided valuable insights for the analysis. The
gathered information was synthesized through a narrative synthesis approach,
organizing findings into key sections related to LAM's pathophysiology, therapeutic
challenges, and treatment applications. This methodology facilitated a comprehensive
understanding of the current knowledge and advancements in the field of
Lymphangioleiomyomatosis research.
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