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Abstract

Tuberous sclerosis complex (TSC) is an important cause of epilepsy and autism, as well as renal
and pulmonary disease in adults and children. Affected individuals are subject to hamartomas in
various organ systems which result from constitutive activation of the protein kinase mTOR
(mammalian target of rapamycin). The clinical course, prognosis and appropriate therapy for TSC
patients are often different from that for individuals with epilepsy, renal tumors, or inter-stitial
lung disease, from other causes. Additionally, TSC serves as a model for other conditions in which
the mTOR pathways are also up-regulated. This article reviews the molecular pathophysiology
and management of neurological, renal and pulmonary manifestations of the disorder. The use of
mTOR inhibitors such as rapamycin and everolimus is discussed and recent clinical trials of these
drugs in TSC are reviewed.
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Introduction

Tuberous sclerosis complex is an autosomal dominant genetic disorder with a birth
incidence of 1:6000. An estimated 1 million individuals are affected worldwide, involving
all racial and ethnic groups. Classically identified by Vogt's triad of facial angiofibromas,
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mental retardation, and intractable epilepsy, no more than 30 — 40 % of affected individuals
have all 3 of these features [26]. Increased recognition of the disorder has led to a truer
picture of its clinical manifestations. Tuberous sclerosis presents most often with
neurological symptoms. Up to 90 % of affected individuals experience epileptic seizures.
Cognitive impairment, autism, and other behavioral disorders are present in up to 50 — 60 %.
Renal manifestations are the next most common, with angiomyolipomas (AMLSs) occurring
in 80 % of patients. Pulmonary involvement is the third most common cause of TSC-
associated morbidity. Lymphangioleiomyomatosis (LAM) occurs in 35 — 40 % of TSC
patients, or less often in persons with mosaicism for a TSC genetic mutation (sporadic
LAM). TSC can affect virtually any organ system in the body [22, 121]. Renal and
pulmonary manifestations are reviewed separately later in this article.

Significant progress has been made in understanding the molecular pathology of TSC.
Tuberous sclerosis occurs due to an inactivating mutation in either the TSC-1 gene (protein
— hamartin, identified 1997, 9) or the TSC-2 gene (tuberin, 16, identified 1993) [32, 112].
Hamartin and tuberin form a complex which activates the GTPase activating protein Rheb to
inhibit the mammalian target of rapamycin (mTOR) [125] (Fig. 1). mTOR is a highly
conserved protein kinase which regulates protein synthesis, cellular metabolism,
differentiation, growth, and migration (Fig. 1). mTOR in fact exists as 2 complexes with
differing functions. mTOR complex 1 (MTORC 1) has a cofactor known as Raptor
(regulatory associated protein of mTOR) which activates mTOR's protein kinase domain.
This results in increased mMRNA transcription and protein synthesis. When a TSC mutation
is present a source of inhibition of MTORCL1 is absent. This causes constitutive activation of
mTOR and, in turn, abnormal cellular proliferation and differentiation, producing the
hamartomatous lesions of TSC. mTOR Complex 2 (MTORC 2) has a different co-factor
known as Rictor (rapamycin insensitive component of mTOR), is unaffected by Rheb, and
regulates protein synthesis in a manner distinct from mTORC1. Activation of mTOR is also
important in the propagation of several non- TSC human malignancies [72] and in
neurological diseases as diverse as Huntington's chorea [95], Alzheimer's disease [86, 119],
and ceroid lipofuscinosis [13]. mTORC 1 and 2 have been shown to regulate the synthesis
and turnover of glutamate receptors of neurons and alter the morphology of dendritic spines,
thereby affecting processes of long-term potentiation that are crucial for epileptogenesis,
learning, memory, and consciousness [44, 93, 108].

Regulation of mTOR involves multiple intracellular signaling pathways triggered by various
membrane receptors and channels, nutrient and energy availability, cellular stress, and
feedback mechanisms [22, 49] (Fig. 1). Several pharmacological inhibitors of mTOR exist,
including rapamycin (sirolimus), RADOO1 (everolimus), and CCI-779 (temsirolimus). These
agents work by dissociating mTORCL1 from its co-factor Raptor, thereby inactivating it.
They have no effect on mTORC?2, although agents are under development which inhibit
both mTOR complexes. Rapamycin was initially identified in 1975 as an macrocyclic
antifungal agent [102] and is used for immunosuppression in transplantation [2] and to limit
stenosis of cardiac stents. Everolimus is approved for the treatment of renal cell carcinoma
and also for immunosuppression. Temsirolimus is a pro-drug for rapamycin, is administered
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parenterally, and is indicated for renal cell carcinoma. These agents have obvious potential
therapeutic application in TSC which shall be addressed later in this review.

Neurological Manifestations

The hallmark of TSC is the cortical tuber: hamartomas occurring most frequently at the
junction of gray and whiter matter. They may involve the entire hemisphere, producing
hemimegalencephaly, and often radiate toward the central white matter and ventricular
surface. Histologically they consist of bizarre appearing giant neurons and astrocytes, with
hypomyelination and disruption of the normal cortical architecture (Fig. 2, 3). Cortical
tubers and other TSC hamartomas arise from an inherited or a spontaneous mutation
inactivating one of the TSC genes, aswell asthe occurrence of a second inactivating
mutation in one of the other alleles for the TSC genes (* second hit ”). This means every cell
in the brain or body is haploinsufficient for hamartin or tuberin, which causes
microanatomic and functional abnormality even in anatomically normal appearing cortex.
Seizures are the most common cause of morbidity in individuals with TSC, and poor seizure
control is highly associated with developmental delays and autism [9, 54, 55]. Individuals
with TSC benefit from aggressive antiepileptic treatment and provision of the highest
possible degree of seizure control. Recent work has demonstrated improved development
when infantile spasms or partial epilepsy is controlled [42, 50]. Persons with tuberous
sclerosis tend to present with either infantile spasms or partial seizures; the latter can appear
generalized owing to rapid secondary bilateral synchrony.

Infantile spasms are present in 30 — 40 % of TSC patients. Earlier onset portends a worse
prognosis for developmental delays and subsequent intractable partial epilepsy. They are the
presenting sign of the disorder in as many as 15 — 20 % of affected individuals.
Identification of infantile spasms in children with tuberous sclerosis may be hampered by
the fact that they are frequently not associated with a “ classic ” hypsarrhythmic pattern on
EEG. In view of both their frequent association and potentially devastating developmental
outcome, infantile spasms can be diagnosed and treated based solely on clinical grounds in
TSC patients, even in the absence of classical EEG findings [25, 110]. Vigabatrin has
considerable efficacy in the treatment of infantile spasms associated with tuberous sclerosis.
A published meta-analysis has identified a 95 % response rate in this clinical setting [45].
Unfortunately, identification of a 30 — 40 % incidence of visual field constriction [68, 75]
has limited its use. The exact incidence of visual field constriction in children is unclear,
owing to their inability to cooperate with perimetry, but may well be lower than adults. Even
normally intelligent adults with visual field loss due to vigabatrin are typically unaware of
its presence until detected by routine screening and do not generally complain of impaired
functioning in daily life [96, 113]. In children with TSC and infantile spasms, a modest risk
of functionally inconsequential visual field constriction contrasts favorably with the high
probability of permanent developmental handicap if spasms are not controlled. Vigabatrin is
considered the drug of choice for infantile spasms in TSC [48, 110]. In addition to the visual
field constriction mentioned above, insomnia, agitation, and constipation can occur in 5 — 10
% [12]. Adrenocorticotrophic hormone (ACTH) as either a gel or aqueous solution
administered intramuscularly, and synthetic oral formulations like prednisone, are
considered second-line for infantile spasms.
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Our own practice is to treat infantile spasms with vigabatrin as a first-line therapy. Valproate
and topiramate have efficacy for infantile spasms and may be added to vigabatrin when
infantile spasms prove refractory to it as a single agent [12, 38]. Benzodiazepines, such as
nitrazepam or clonazepam, are rarely effective as single agents for infantile spasms in TSC
and are primarily used as adjunctive therapy or as rescue medications [110].

In contrast to infantile spasms and TSC, only a few relatively small studies to date have
specifically looked at anticonvulsant efficacy and tolerability for other types of seizures in
TSC. Using topiramate 10 — 60 mg/kg/d as add-on therapy for TSC patients with refractory
epilepsy, 3 of 14 became seizure-free and another 6 had seizure frequency reduced by
greater than 50 % [70]. Topiramate, zonisamide and acetazolamide inhibit carbonic
anhydrase, can aggravate preexisting cognitive impairments, and are inappropriate for
individuals with polycystic kidney disease, as nephrolithiasis in this setting could cause
acute renal failure [66].

A separate analysis of patients treated with lamotrigine found 24 of 57 (42 %) patients
became seizure free and another 21 (37 %) experienced > 50 % reduction in seizures [19,
39]. Lamotrigine is significantly affected by intercurrent anticonvulsant therapy and many
individuals had trough serum lamotrigine levels far lower than expected on the basis of their
dosage in terms of mg/kg/day, making performance of trough serum levels useful.

Felbamate is a potent antiepileptic agent with primarily anti-glutamatergic properties. In our
experience it can be very helpful for patients with tuberous sclerosis, possibly due to
increasing evidence suggesting that mTOR may regulate glutamate receptor density of
neurons [44, 70, 116]. Use of felbamate is hampered by an approximately 1:10 000 risk of
irreversible hepatic failure and aplastic anemia. Nonetheless, felbamate can be a very useful
anticonvulsant in individuals with intractable partial seizures, (particularly when combined
with vigabatrin [88]). Insomnia and anorexia are more frequent but less serious side-effects.

Sedating anticonvulsants such as barbiturates and benzodiazepines have a limited role in
tuberous sclerosis patients and generally should be avoided. One possible exception to this is
triple bromide suspension, which can prove effective in medically intractable epilepsy,
particularly in those who are not candidates for epilepsy surgery [107, 117].

Growing evidence suggests that mTOR inhibitors may be helpful in the management of
epilepsy for patients with TSC. The excita-tory neurotransmitter glutamate as well as
subclinical epilepti-form discharges increase the activity of mTOR. This in turn affects the
synthesis and density of glutamate receptors and the morphology of neuronal dendritic
spines [52, 115] as well as voltage-dependent potassium channels [93, 108, 118].
Additionally, mTOR regulates synaptic long-term potentiation and depression [79, 118],
both processes known to be involved with epileptogenesis, as well as learning and memory
formation. Several investigators have reported improvement in learning deficits, seizure
frequency, motor development, and survival in TSC conditional knock-out mice following
treatment with either everolimus or rapamycin [31, 79, 123]. Rapamycin also inhibits
epileptogenesis in non-TSC animal models of post-traumatic epilepsy [124]. There have
been reports of significant reduction in seizure frequency in TSC patients treated with
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rapamycin [41, 83]. An open label clinical trial of everolimus for subependymal giant cell
astrocytomas in TSC demonstrated an overall 86 % reduction in seizures (p = 0.022) as
measured on 24-h video EEG in those patients with concurrent partial epilepsy [64].
Improvements were also noted in normal appearing white matter on diffusion tensor
imaging pre- and post-treatment with everolimus [111]. An open label trial of everolimus for
epilepsy in TSC is currently underway in the US (www.clinicaltrials.gov, NCT01070316)
and a placebo-controlled study is planned.

As many as 20 % of individuals with TSC develop medically intractable partial epilepsy.
For these patients, the ketogenic diet, vagus nerve stimulation, and resective epilepsy
surgery are increasingly utilized [62]. Recent work suggests that carbohydrate restriction
alone (i. e., modified Atkin's ® or low glycemic index diet) may produce benefits equal to
that of the classical ketogenic diet. Since carbohydrate depletion serves to inhibit mTOR
[89], these diets may have particular relevance for tuberous sclerosis patients. In one series
of TSC patients with refractory epilepsy, 11 of 12 patients placed on a ketogenic diet
experienced > 50 % reduction in seizures, in spite of the fact that multiple traditional
anticonvulsants had failed previously [20]. The diet is often associated with improved
cognition, which can relate to improved seizure control as well as elimination of inter-
current antiepileptic drugs [61, 90].

Traditionally avoided in patients with tuberous sclerosis, epilepsy surgery has an increasing
role in the disorder [51]. Novel techniques such as magnetoencephalography and co-
registered magnetic resonance and positron emission tomography scans are increasingly able
to localize epileptogenic tubers or adjacent cortex [17]. Many patients have a “ dominant ”
tuber or zone of cortical dysplasia causing the bulk of their epileptic activity. These patients
are particularly suitable for resective surgery, as are individuals with TSC and intractable
epilepsy in the setting of hemimeganencephaly or markedly asymmetric cortical dysplasia.
Recent work has also described successful surgical treatment of multifocal partial epilepsy
in TSC. Sometimes removal of a primary epileptic focus may cause apparent disruption of
an underlying “ epileptic network ” with resulting improvement despite the presence of
multiple areas of epileptic cortex. Alternatively some centers employ a “ staged ” technique
in which what appears to be the primary focus is resected, cortical grids are replaced, and
then further monitoring is undertaken. If appropriate, additional foci are subsequently
removed provided that this can be done without unacceptable risk of post-operative deficits.
In the largest series of surgical epilepsy patients to date, 37 of 70 (53 %) were seizure-free
and another 8 of 70 (11 %) had significantly reduced seizure frequency [73]. These findings
were consistent with earlier reports which found 68 — 69 % TSC patients seizure-free
following resection [92]. Epilepsy surgery should be considered for all TSC patients with
seizures refractory to medical treatment.

Neurocognition

Tuberous sclerosis is frequently associated with cognitive and behavioral impairments. As
many as 25 % of TSC patients are autistic and more than half have learning difficulties.
Aggressive and obsessive behaviors, as well as other psychological and psychiatric
problems are also very common; one recent study of adults with TSC reported a prevalence
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of 42. Patients with TSC tend to fall into one of 2 groups with regard to their cognitive
function. The majority (60 — 70 %) have a normal or nearly normal full scale 1Q, with a
mean value slightly lower than that of the general population. These individuals nonetheless
often have specific cognitive defects relating to shifting attention, working memory, and
multi-step reasoning. They also have an increased incidence of obsessive-compulsive
behaviors, social and generalized anxiety, and awkwardness in social situations. These
attributes can be quite disabling in everyday life despite a normal 1Q. The remaining 30 — 40
% of people with TSC have profound mental retardation, with full scale 1Qs of 40 or less.
These persons are more likely to have a history of infantile spasms, intractable epilepsy, and
seizure onset before age 1 year [91, 92]. Poorly controlled or sub-clinical seizure activity
frequently causes behavioral and learning problems. This is often heralded by a regression in
developmental milestones, learning, or behavior. These same symptoms should also raise
the suspicion of a growing giant cell astrocytoma with evolving hydrocephalus. Adequate
seizure control as well as evaluation for hydrocephalus/tumor are therefore the first
consideration in TSC patients with behavioral or cognitive difficulties, particularly in the
setting of a recent decline. In many, epileptiform activity is not apparent clinically and is
revealed only by video-EEG monitoring.

Subependymal Giant Cell Astrocytomas

Subependymal giant cell astrocytomas (SEGAS) are observed in between 5 and 15 % of
patients with tuberous sclerosis, almost exclusively within the first 2 decades of life [24, 43].
Histologically indistinguishable from subependymal nodules, SEGASs typically occur in the
region of the foramen of Monro either unilaterally or bilaterally, and are identified by serial
growth or association with hydrocephalus on neuroimaging studies [7, 40]. SEGAs only
rarely invade the brain parenchyma inferomedially in the region of the thalamus and basal
ganglia. More typically, the tumor projects into the ventricle and can produce acute or
subacute hydrocephalus by causing obstruction of cerebrospinal fluid through the foramen
of Monro (Fig. 4). They are slowly growing and may reach considerable size before
producing symptoms, leading to recommendations for periodic neuroim-aging (i. e., every 1
— 3 years) to screen for their occurrence, even in the absence of symptoms [10, 48].

The current standard therapy of SEGAS is operative resection. It is important to achieve a
gross total resection, as any residual astrocytoma tissue almost certainly will recur [24, 43].
Lesions typically are removed by either a trans-frontal or midline transcallosal approach.
While favored to limit damage to the cortex, the trans-callosal method can make gross total
resection difficult for larger, bilateral, and more laterally-located SEGAs. We recently
described a technique involving creation of an operative corridor by progressive dilation of a
balloon catheter placed stereotactically in the region of a subependymal lesion, thereby
allowing adequate operative exposure for gross total resection in the vast majority of cases
with minimal disruption of surrounding tissues [71].

Although most SEGAs are amenable to surgical resection, some lesions exhibit more
aggressive behavior or serial regrowth, are associated with extensive peritumoral edema, or
occur in atypical locations such as the pineal or hypothalamic regions. These factors, plus an
appreciation that the mTOR inhibitor rapamycin has demonstrated activity against renal
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angiomyolipomas in both animal models and human clinical trials [7], have led to the
clinical use of rapamycin for therapy of subependymal giant cell astrocytomas (Fig. 4). In a
report of 5 cases of SEGA in patients with TSC, all tumors reduced significantly in size in
response to treatment with rapamycin and one particularly large hypothalamic lesion
exhibited central necrosis prior to involution [40]. Overall, an average reduction in
astrocytoma volume of 65 % was observed. Surgery was not required in any of the patients
and the fairly mild side effects observed included aphthous ulcers, hypercholesterolemia,
and extremity edema. Rapamycin was initiated at 3 mg/m 2/day and titrated upward to
achieve trough serum levels of 10 — 15 ng/mL. We recently completed an open label trial of
everolimus for SEGA in 28 subjects with TSC. 80 % of the 28 patients enrolled also have
epilepsy. The median age of study participants was 12.4 years (range 3 — 34 years). Males
outnumbered females (17 male vs. 11 female). At interim analysis SEGA volume decreased
in every subject. Overall reduction in tumor volume was 34 % at 3 months, 49 % at 6
months, and 55 % at 1 year. One year follow-up data are available on all subjects. As noted
patients with epilepsy demonstrated an 87 % reduction (p = 0.022) in partial-onset seizures
after 6 months on study medication. 13 of 15 treated patients reported a reduction in the size
and erythema of their facial angiofibromas. This is consistent with published reports of TSC
patients experiencing improvements in angiofibromas after systemic or topical rapamycin.
Everolimus was well tolerated with subjects reporting an average of 0.62 adverse events for
each patient-month of treatment. 4 serious adverse events were reported, none of them
clearly related to study medication. No patients have exited the study because of an adverse
event. No correlation was seen between serum level and reduction in tumor volume,
although higher levels were associated with a greater incidence of side effects. A multi-
center placebo-controlled trial of everolimus for SEGA recently completed enrollment.
Applications have been made to the European Medicines Agency (EMEA) as well as the US
Food and Drug Administration (FDA) for approval of everolimus as a therapy for SEGA.

TSC-Associated Renal Disease

Renal TSC phenotypes develop because of abnormal cell growth and proliferation resulting
in cysts and solid tumors including angiomyolipomas. Steps that should be taken to slow
progression include avoiding nephrotoxic agents such as non-steroidal anti-inflammatory
and anticonvulsant drugs, overexposure to imaging contrast, and urological procedures that
remove functioning kidney tissue.

Angiomyolipoma

Epidemiological studies involving TSC patients revealed an increase in angiomyolipomas
during childhood and adolescence that then stabilized throughout adulthood [78]. A
longitudinal study, demonstrated that 55 % of children (mean age 6.9 years) had some type
of renal abnormality, and at follow-up 80 % (mean age 10.5 years) had abnormalities [106].
By far the most common form of involvement was angiomyolipomas which demonstrated
growth in 56 % of boys and 66 % of girls (Fig. 5). The youngest patient demonstrating
abnormal renal lesions in this study was 2 years old, but lesions greater than 4 cm were
found only in post-pubertal patients. The authors concluded that renal involvement begins in
infancy and increases with age. Studies have also demonstrated that the incidence of
angiomyo lipomas in patients with tuberous sclerosis complex increased with age [4, 58],
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and that rapid growth occurs in childhood and adolescence with slower growth into
adulthood [69, 94].

Patients with TSC are at risk from hemorrhage of their angiomyolipomas as well as
encroachment on normal renal parenchyma leading to chronic kidney disease and eventually
end-stage renal disease. Larger angiomyolipomas frequently develop both micro-and
macroaneurysms that can rupture and hemorrhage [85, 105]. The risk of hemorrhage from
renal angiomyolipomas in patients with TSC is estimated to be between 25 and 50 % [15].
Up to 20 % of such patients with a hemorrhage present with shock [59]. The risk of
hemorrhage is proportional to the size of the aneurysm, and aneurysms larger than 5 mm
have the greatest risk [120]. Unfortunately, in centers with limited experience in treating
TSC renal lesions, patients with suspected retroperitoneal hemorrhage may undergo
unnecessary nephrectomy for diagnostic and therapeutic purposes. Such a loss of renal mass
often hastens the requirement for renal replacement therapy.

Renal angiomyolipomas also insidiously impinge upon normal renal tissue leading to renal
failure [18, 101]. Using death certificates for TSC clinic patients Shepherd et al. found that
of their patients at the Mayo clinic, renal failure was the most common cause of death [104].
Given the current world population, the incidence of TSC, and the frequency of renal
involvement, approximately 500 000 patients with TSC worldwide have at least chronic
kidney disease (CKD) stage 1. Considering the relentless progression of CKD and the
inherent increased risk in morbidity and mortality, CKD poses a significant burden on
patients with TSC [36].

Angiomyolipomas should be followed by imaging studies on an annual or semi-annual
basis. Although ultrasound is adequate for detecting the adipose component of
angiomyolipoma, the solid components can be difficult to recognize. MRI is superior to
ultrasound or CT scan, especially given the recent concern about the risk of radiation. The
purpose of serial imaging is to lower the risk of aneurysm rupture and hemorrhage, for
which the treatment modality of choice is embolization. Urological procedures that expose
the Kidney to ischemia, either warm or cold, have a greater risk of damage to surrounding
normal renal parenchyma, and a higher rate of complications in general. These are only
infrequently beneficial, due to the risk of progression of chronic kidney disease.

Renal cystic disease

Renal cystic disease occurs in approximately 45 % of patients with TSC and occurs in both
TSC1 and TSC2 related disease [4, 11, 27]. Cystic disease varies from microcystic disease
that is not detectable by imaging studies, to a polycystic phenotype that can even be severe.
This severe, very early onset polycystic phenotype is associated with contiguous deletions
involving TSC2 and the adjacent PKD1 gene on chromosome 16p13, occurring in
approximately 2 % of TSC patients. Such patients often exhibit mosaicism for the genomic
deletions [11, 27] and can develop significant renal insufficiency as teenagers [99].
Reminiscent of the Drosophila gigas eye cells [84] that also lack Tsc2, the epithelial cells
lining the TSC cysts are both hypertrophic and hyperplastic with strongly eosinophilic
cytoplasm [3]. Blood pressure control is a cornerstone for renal function preservation in the
TSC patient. Using older studies to estimate the loss of renal function in cystic disease is
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flawed because patients are now treated with long-acting angiotensin-converting enzyme
inhibitors and angiotensin receptor blockers that slow the loss of renal function [6]. TSC-
related renal cystic disease also has a cilial association (Siroky and Bissler, unpublished
data) similar to other forms of polycystic kidney disease including other tumor suppressor-
associated diseases [1]. Glomerulocystic kidney disease associated with tuberous sclerosis
complex is also well documented [5]. In one study among 10 patients with tuberous sclerosis
complex, 3 infants and one adolescent exhibited unilateral glomerulocystic kidney disease.
Like the tubular derived cysts in TSC, the glomerular spaces exhibited large, bizarre parietal
epithelial cells piled up against Bowman's capsule and the glomerular tufts exhibited
similarly atypical podocytes [8].

The hallmark of renal cystic disease in TSC is the development of hypertension, and
rigorous control of blood pressure using angiotensin-converting enzyme inhibitors and
angiotensin receptor blockers is the cornerstone of therapy. Furthermore, patients with
significant cystic disease also can exhibit impaired urinary concentration, placing them at
risk for significant volume depletion with such conditions as gastroenteritis. Cystic renal
disease also can predispose to renal hemorrhage because a cyst can effectively function as a
hydraulic wedge and disrupt renal parenchyma following a fall, such as from a seizure.

Fat-poor renal lesions

Solid renal lesions in patients with TSC often prove to be fat-poor angiomyolipomas, but
also can be oncocytomas, or renal cell carcinomas. Fat-poor TSC-associated renal
angiomyolipomas are typically composed of spindle cells, vascular elements, or epithelioid
cells. The composition of the different cellular components can vary from lesion to lesion
[57, 74]. Phenotypically epithelioid cells can range from a polygonal cell with a slight
degree of nuclear atypia, to an atypical cell of variable size and with significant mitotic
activity. Angiomyolipomas often contain patches of spindle cells that exhibit nuclear atypia
with mitotic figures, but these tumors typically do not behave in a malignant fashion. Very
rarely, renal angiomyolipomas can infiltrate the surrounding tissue [34, 84].

The term “ epithelioid angiomyolipoma ” refers to a tumor that has been reported to exhibit
a variety of behaviors, from an aggressive phenotype [80] that recurs after resection and
results in death, to a much more benign course [77]. The pathological distinction between
epithelioid angiomyolipomas and malignant angiomyolipomas is unclear [30, 53, 57, 74].

There are several case reports of TSC patients with renal oncocytomas [23]. Histologically,
oncocytomas contain dense eosinophilic cytoplasm, that may be exclusively or
predominantly granular, generally uniform nuclei, and abundant mitochondria. The
intercalated cell of the cortical portion of the collecting tubule is often thought to be the cell
of origin for oncocytomas [29]. The actual incidence of renal cell carcinoma (RCC) in TSC
is not known, but is estimated to be less than 2 % of TSC patients. Some studies suggest that
renal carcinomas in TSC patients occur at an average age of 28 years, which is 25 years
younger than the average age of RCC in the general population, and there are reports in
children and infants with TSC [1]. However, in a series of 209 patients, the median age of
diagnosis for renal cell carcinoma in patients with TSC was 50 years of age [67]. The
literature for RCC in TSC is confusing for several reasons. First, the typical hematoxylin
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and eosin appearance of RCC is very similar to that of the epithelioid variant of
angiomyolipoma [103], and all the reported cases of RCC have not been studied in sufficient
detail to exclude misclassifications of atypical angiomyo lipomas such as the epithelioid
variety [21]. HMB-45 and melanin A, diagnostic markers for angiomyolipomas, are
extremely useful for differentiating between RCC and the epithelioid variety of
angiomyolipoma in TSC. In children where renal cell carcinoma is diagnosed histologically,
cytogenetic analysis is required to distinguish the translocation morphology renal cell
carcinoma. These tumors have translocations involving the transcription factor EB [t(6;11)],
and are also HMBA45-positive [87]. This latter RCC occurs in pediatric patients but is not
known to be associated with TSC.

Angiomyolipoma classification, cell biology, and clinical trials

Angiomyolipomas are prototypical for a family of tumors that exhibit perivascular
epithelioid-cell differentiation, collectively called PEComas. This family of tumors includes
lymphangioleiomyomatosis, clear-cell “ sugar * tumors of the lung, and a group of rare
morphologically and immunophenotypically similar lesions that can arise from a variety of
soft-tissue and visceral sites. Most PEComas exhibit immunoreactivity for both melanocytic
markers (as detected by the HMB-45 and melanin-A antibodies) and smooth-muscle
markers (actin and desmin). The origin of the perivascular epithelioid cells is unknown.
Because PEComas express melanocytic proteins, and melanocytes are neural crest-derived,
it has been postulated that neural crest-lineage cells give rise to angiomyolipomas [35, 98].
Neural crest lineage cells do contribute to renal development. Alternatively, it has been
proposed that angiomyolipomas arise from a renal mesenchymal precursor cell [100].
Supporting this latter contention is the fact that rtPCR can detect mRNA for gp100, the
antigen target of HMB-45 in both proximal and distal tubules, although the protein product
is below the level of detection of immunohisto-chemical analysis with HMB-45 [47].

Recent published reports suggest that mTORCL inhibition causes a reduction in volume of
renal angiomyolipomas, which tends to return to baseline values when treatment is stopped
[7, 28]. Current research examining both the natural history of TSC renal lesions
(NCT00598455) and optimization of mMTORCL inhibition dosing (NCT00457964) are
underway, as is a safety and efficacy of trial aimed at obtaining FDA approval
(NCT00790400).

TSC-Associated Pulmonary Manifestations

Lymphangioleiomyomatosis (aka lymphangiomyomatosis or LAM) is the most common
pulmonary manifestation of TSC [16] and the third most common cause of TSC-related
death [114]. LAM is characterized by diffuse infiltration of the lung with atypical smooth
muscle cells and gradual cystic replacement of the pulmonary parenchyma. Tuberous
sclerosis associated-LAM (TSC-LAM) occurs almost exclusively in female TSC patients,
although a few males with biopsy documented TSC-LAM [76] and clinical diagnoses of
TSC-LAM have been reported. TSC-LAM is most frequently diagnosed in women of child-
bearing age, but cases have been described prior to puberty and as late as 70 years of age
[80]. Radiographic surveys of 3 large TSC clinic populations have revealed cystic changes
consistent with LAM in about 26 — 48 % of female patients, most of whom are
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asymptomatic. Despite the potential to identify the presence of TSC-LAM through
screening, most patients are not diagnosed until they become symptomatic, at an average of
30 years [37]. Although periodic screening for patients with negative initial scans may also
be advisable, there are no published guidelines. There may be as many as 150 000 patients
with TSC-LAM worldwide, based on the estimated total population prevalence of 1/6 000
individuals with TSC, but most remain undiagnosed. The natural history of LAM identified
through screening has not been well characterized, but typical manifestations in patients
with moderately profuse cystic change in the lung include progressive dyspnea on exertion
and recurrent pneumothorax. LAM can also be associated with axial, abdominal and
retroperitoneal lymphadenopathy and occasionally with cystic abdominal
lymphangiomyomas [37, 97]. Although there is no known effective treatment for LAM,
awareness of the diagnosis facilitates informed decisions regarding pregnancy, birth control
use, air travel, vaccination, management of pneumothorax and enrollment in clinical trials.

Sporadic lymphangioleiomyomatosis

LAM can also occur in women who do not have TSC. This sporadic form of LAM (S-LAM)
is associated with somatic rather than germ-line mutations in TSC genes, and is
characterized by onset in the second or third decade of life, a later average age at diagnosis
(approximately 35 years), and presentation with shortness of breath, pneumothorax, chylous
effusion or incidental discovery on CTs obtained for coronary screening or abdominal or
chest pain. S-LAM is often associated with renal angiomyolipomas in about 32 % of patients
(vs. 93 % in TSC-LAM), and with lymphangioleiomyomas in about 30 % [77] (vs. 9 % in
TSC-LAM), but never with central nervous system or dermato-logical manifestations.
Lymphatic complications, such as chylous pleural effusion, are much more common in S-
LAM than TSCLAM. Although TSC-LAM is predicted to be 5- to 10-fold more common
than S-LAM, patients with S-LAM who present to adult clinics, and enroll in registries and
clinical trials, outnumber those with TSC-LAM by more than 5 —10:1. The 2 leading
hypotheses for this paradox are that discovery of TSC-LAM through screening identifies a
population of patients with early disease, or, alternatively, that TSC-LAM is a less
aggressive disease than S-LAM. Only 1 male with S-LAM has been reported to date [60].

Pathogenesis of LAM

4 lines of evidence suggest that LAM is a metastatic neoplasm. (i) Lymphatic spread is well
documented in LAM, both by the frequent occurrence of lymphadenopathy associated with
LAM cell infiltration, and the identification of LAM cell clusters in the lymphatic lumen and
within pleural effusions [65]. (ii) Hematogenous spread is suggested by the finding of cells
containing loss of heterozygosity (LOH) for TSC genes in blood [23]. (iii) LAM recurs in
transplanted lungs and genetic studies have demonstrated that the cells comprising the
lesions originate from the recipient, the mutational profiles of cells comprising LAM lesions
from lymph nodes, kidneys and lungs all show a common origin [56]. The source of LAM
cells in the blood, lymphatics and lung is not clear, but renal angiomyolipomas and the
uterus have been cited as possible candidates. The role of lymphangiogenesis in the
pathogenesis of LAM is an area of intense interest [46].
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Radiographic features of LAM

The chest radiograph is useful for the diagnosis of pneumothorax and chylothorax, but is
often otherwise uninformative in LAM; it can be quite normal even in patients with
moderately severe dyspnea. Later in the disease, bilateral, symmetrical reticular and cystic
changes can become visible, sometimes producing a honeycomb or bullous appearance.
High resolution CT scan of the chest is much more useful for detecting cystic parenchymal
disease in LAM [63]. The CT shows variable numbers of diffuse, bilateral thin walled cysts
ranging from 1 to 50 mm in diameter, as well reticular changes, nodular densities, hilar or
mediastinal adenopathy or dilated thoracic duct in some patients [82]. Scattered nodular
densities may represent multifocal micronodular pneumocyte hyperplasia: color clusters of
hyper-plasic type Il pneumocytes that have no known physiological or prognostic
significance [14, 33, 81]. Other TSC-associated lung disorders, include pulmonary or
mediastinal angiomyolipomas, tumor emboli from angiomyolipoma, and clear cell

(“ sugar ) tumor of the lung may also (rarely) be discovered by chest CT in patients with
TSC.

Pathology of LAM

Histological changes are similar in S-LAM and TSC-LAM. Microscopic examination of the
lung reveals smooth muscle infiltration of the lung parenchyma, airways, lymphatics, and
blood vessels, associated with thin-walled cystic change (Fig. 6). The smooth muscle cells
have a benign appearance with a low mitotic rate and both spindle-shaped and epithelioid/
cuboidal morphologies [14]. Diffuse nodular proliferation of type 1l cells indicative of
MMPH may occur in patients with TSC of both genders, in the presence and absence of
LAM. LAM cells stain with actin, vimentin, desmin and HMB-45, an antibody that
recognizes the premelanosomal protein gp-100 [14, 33]. The latter is very useful
diagnostically, since smooth muscle cell infiltration due to other diseases such as idiopathic
pulmonary fibrosis is not associated with HMB-45 positivity. LAM lesions also stain
abundantly with lymphangiogenic markers. Serum VEGF-D (VEGF - vascular endothelial
growth factor) is elevated 5- to 8-fold in patients with LAM, and is useful for diagnosis and
as a biomarker for response to therapy [103, 122].

Diagnostic approach, treatment and trials for LAM

Our own practice is to screen female patients for LAM with non-contrast high-resolution CT
scans after menarche and every 3 — 5 years thereafter if the initial scan is negative. VEGF-D
may prove to be a useful biomarker for decisions regarding the timing of high-resolution CT
to screen for LAM. Pulmonary function testing is performed at the time of diagnosis and at
intervals varying from every 3 — 6 months in patients with progressive disease and every 1 —
2 years in patients who have very early or very stable disease. Cystic changes in the lung of
female patients with TSC, especially non-smoking patients, are presumed to be due to LAM
and lung biopsy is not performed. Pneumothorax is common and likely to recur, (70 % of
cases) so mechanical or chemical pleurodesis is recommended on the first event. Talc
pleurodesis and pleurectomy are avoided in patients who are candidates for lung
transplantation in the future [21]. Bronchodilators may be effective at controlling symptoms
in the 15 — 20 % of LAM patients who have reversible airflow obstruction [109]. Oximetry
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at rest and with exertion should be performed routinely in patients with LAM, because
occult desaturation is common, and oxygen should be prescribed to maintain saturations
greater than 90 %, along with rest, exercise and sleep. Patients should be vaccinated for
influenza and Pneumococcus. In the absence of effective treatments for LAM, patients are
often empirically treated with drugs that reduce the level of estrogen or antagonize its action,
but no controlled studies have been performed. Lung transplantation may be considered for
patients with FEV1 < 30 % and predicted or disabling dyspnea. The 11 LAM patients who
were enrolled in the Cincinnati angiomyolipoma sirolimus trial (NCT00457808) had a
significant improvement in airflow by spirometry, as well as a reduction in gas trapping [7].
A double-blind placebo-controlled trial of rapamycin for LAM (Multi-center International
LAM efficacy of sirolimus, or MILES — NCT00414648) recently completed enrollment and
will provide further insight into this.
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The mTOR pathway. mTOR1 and mTOR?2 are distinguished by their co-factors — raptor and
rictor respectively. The tuberous sclerosis gene products function through the GAP protein
Rheb (Ras homolog enhanced in brain) to inhibit mTOR, and thereby protein synthesis,
cellular growth and division. Rapamycin mimics this by causing the dissociation of raptor
from mTOR, resulting in inactivation of the complex. mTOR1 is also inhibited by nutrient
deprivation (by courtesy of G. Thomas, Ph.D).
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Fig. 2.
Large calcified area of cortical dysplasia in the left medial frontal lobe. This area grew in

size over 1% — 2 years, herniating across the mid-line. This was associated with a clinical
reduction in seizure frequency. The lesion then regressed spontaneously over the next
several years (cranial MRI).

Neuropediatrics. Author manuscript; available in PMC 2015 November 02.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Franz et al.

Page 21

Fig. 3.

M?Jltifocal areas of abnormal T , -weighted signal at the gray-white junction represent
cortical tubers. Dystrophic calcification is present in the frontal white matter, left greater
than right. Prominent calcifications led to consideration of congenital infection and possible
child abuse as possible diagnoses, before the child was recognized as having TSC (cranial
MRI).
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Fig. 4.
Subependymal giant cell astrocytoma in the region of the left foramen of Monro. Once these

lesions begin to grow they inexorably continue to do so, eventually producing
hydrocephalus (cranial MRI).
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Fig. 5.
Non-contrast computer tomography image demonstrating a large left renal angiomyolipoma

and hemorrhage.
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Fig. 6.
Diffuse thin walled cysts and bilateral chylous effusions (blue vertical arrows posteriorly) in
a patient with lymphangioleiomyomatosis (non-contrast CT).
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