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Background: Epilepsy develops in 70–90% of children with Tuberous Sclerosis Complex (TSC) and is often resistant to medication. Treatment with mTOR pathway inhibitors is an important therapeutic option in drug-resistant epilepsy associated with TSC. Our study evaluated the antiepileptic effect of rapamycin in the pediatric population of patients diagnosed with TSC.

Methods: This single center, open-label study evaluated safety and anti-epileptic efficacy of 12 months of rapamycin treatment in 32 patients aged from 11 months to 14 years with drug-resistant TSC- associated epilepsy.

Results: After the first 6 months of treatment, the improvement in seizure frequency, defined as at least a 50% reduction in the number of seizures per week compared to baseline, was seen in 18 individuals (56.25%). We observed no change in 12 individuals (37.5%) and worsening, defined as increase in the number of seizures—in 2 patients (6.25%). The overall improvement defined as at least a 50% reduction in seizure frequency was found in 65.6% of all patients after 12 months with 28% of patients obtaining complete remission. Another five patients experienced at least an 80% reduction in the frequency of seizures. Concomitant treatment with vigabatrin, and to a much lesser extent topiramate and levetiracetam, was an additional favorable prognostic factor for the success of the therapy. A linear relationship between the cumulative dose of rapamycin and its therapeutic effect was observed. The safety profile of the drug was satisfactory. In none of the observed cases did the adverse events reach the level that required withdrawal of the rapamycin treatment. The reason for dropouts was insufficient drug efficacy in 3 cases.

Conclusions: Long-term use of rapamycin, especially in combination with vigabatrin, might be a beneficial therapeutic option in the treatment of drug-resistant epilepsy in children with TSC.
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INTRODUCTION

Tuberous sclerosis complex (TSC) is an autosomal dominant, multisystem genetic disorder affecting 1 in 6,000 individuals (1). TSC is caused by the inactivation of either of the tumor suppressor genes TSC1 (locus 9q34) or TSC2 (locus 16p13.3) (2, 3). Their protein products, hamartin and tuberin, respectively, form a heterodimer (TSC1–TSC2 complex) and play an important role in the regulation of cell proliferation and differentiation processes through negative mTOR (mechanistic target of rapamycin) pathway regulation (3, 4). The tuberin-hamartin heterodimer acts as a complex inhibiting mTOR signaling pathway. mTOR disinhibition leads to tumor or hamartoma formation in multiple organs. The hallmark of the disease is the formation of benign tumors in the brain, kidneys, liver, heart, retina, lungs, and skin. Central nervous system lesions include cortical dysplasia, subependymal nodules (SENs), and subependymal giant cell astrocytomas (SEGAs) (5). Epilepsy is the most frequent neurological symptom of TSC, affecting about 80–90% of patients (6). Focal seizures and epileptic spasms are the most prevalent seizure types (7, 8) and about two-thirds of them are refractory to medication. In the vast majority (80–90%) of cases, the first seizures appear before 2 years of age, with 63 to 73% of patients having seizures during the first year of life (9). Drug-resistant epilepsy, especially in infants, is the strongest risk factor for intellectual disability in later life (10, 11). Vigabatrin (VGB) is a gold standard first-line treatment for TSC, associated infantile spasms, and/or focal seizures (12, 13). When VGB monotherapy fails, a combination of other antiepileptic drugs, primarily GABAergic AEDs, is recommended. The management of TSC-associated refractory seizures, aside from standard AEDs, includes a ketogenic diet, epilepsy surgery, and vagus nerve stimulation (VNS). However, existing treatments are often ineffective and >60% of patients develop treatment-refractory seizures, in contrast to about 30% of patients with epilepsy without TSC (14–17). Given that dysregulation and hyperactivation of the mTOR pathway are for the most part responsible for the pathophysiology of TSC, mTOR inhibitors were introduced for the treatment of various manifestations of TSC. Everolimus, a rapamycin derivate, has been approved by regulatory authorities in Europe and the US for treatment of TSC-associated SEGAs, kidney angiomyolipomas (AMLs), and epilepsy (18–20). Less evidence is available about the therapeutic effects of rapamycin (21–23). Preliminary studies revealed a satisfactory safety profile for rapamycin in TSC individuals (22–24). However, the data on its efficacy are conflicting, mainly due to the small groups of patients treated and short-term follow up (25, 26). There are no studies directly comparing everolimus and rapamycin in TSC. The availability of both drugs differs in individual countries. For example, in Poland, everolimus is not reimbursed by the national healthcare service for TSC-associated epilepsy, contrary to rapamycin, which is reimbursed for TSC, regardless of its manifestations. Despite its reimbursement by the national healthcare service in Poland, the treatment with rapamycin is regarded as experimental. In this paper, we present the results of an open-label single-center study of the safety and efficacy of rapamycin in pediatric patients with TSC-related epilepsy.



PATIENTS AND METHODS


Patients

This is an open-label, single-center study to evaluate the efficacy and safety of rapamycin in TSC- associated epilepsy in children. Children aged between 6 months and 18 years with a definite diagnosis of TSC according to the consensus criteria (5), were preliminarily considered to be eligible for inclusion in the study. Inclusion criteria were: the diagnosis of drug-resistant epilepsy, defined as failure of seizure control with at least two adequate AEDs in therapeutic doses (27) and at least one seizure per week within the last 8 weeks preceding rapamycin introduction (as assessed on the basis of seizure diaries provided by the caregivers). Exclusion criteria were comprised of: infantile spasms at baseline, severe renal dysfunction, recent surgery (up to 8 weeks before inclusion), active infection, documented hypersensitivity to mTOR inhibitors in the past, and any diseases or other circumstances deemed to impede participation in therapy. Patients were also excluded if they had had prior systemic treatment with an mTOR inhibitor. Caregivers' written informed consent was required in each case before the introduction of therapy. All therapeutic procedures were performed in agreement with the Declaration of Helsinki (2008) and Good Clinical Practice guidelines as well as all national and local regulations. The study was approved by the local Ethics Committee at The Children's Memorial Health Institute, Warsaw, Poland.



Study Design

All participants were followed prospectively and intended to receive rapamycin treatment for 12 months. Blood samples were collected: during the introduction of the therapeutic dose, 1 week, 2 weeks, and 1 month after starting rapamycin, at checkpoints and when required by the patient's clinical state. Checkpoints for assessing treatment efficacy were scheduled after 6 and 12 months of treatment. Any adverse events that occurred during the treatment have been documented and evaluated according to the WHO adverse reaction terminology and the National Cancer Institute common terminology criteria for adverse events version 3.0. Patients received a widely available pharmaceutical formulation of rapamycin (Rapamune; Pfizer). Depending on the patient's age and individual conditions and needs, the formulation of the drug was administered in the form of an oral solution (1 mg/ml) or tablets (1 mg). Children received a starting dose of rapamycin based on their body surface area, ranging from 0.5 mg/m2 for infants and children aged <3 years, 1 mg/m2 for children aged from 3 to 10 years, 2 mg/m2 for teenagers. Rapamycin dosage was titrated to blood trough levels between 5 and 10 ng/mL. In case of adverse events of grade 2 or higher, the rapamycin treatment was discontinued until the adverse event subsided or reached grade 1 and was restarted at the last dose without adverse events. In case of grade 3 adverse events permanent drug discontinuation was undertaken.



Outcome

The outcome endpoints were analyzed at 6 and 12 months of treatment. The assessment of the effectiveness of the antiepileptic treatment with rapamycin was based on self-reporting provided by parents in the form of diaries. The seizure number per week at 6 and 12 months was compared with baseline values, which were determined based on the analysis of diaries covering the last 8 weeks before the rapamycin treatment. Improvement was defined as at least 50% reduction in the frequency of seizures compared to baseline.



Statistical Analysis

The analysis was performed using R version 3.6.2 (https://www.R-project.org/). The packages used for visualization and general-analysis were: tidyverse; ggmosaic (https://CRAN.R-project.org/); readxl (https://CRAN.R-project.org/package=readxl); stringi (28); lme4 for Linear Mixed-Effects Models (LME) models (29); h2o for machine-learning exploration and interpretation (https://CRAN.R-project.org/package=h2o); and DALEX (30). Entries were coerced to a numerical range (min-max) per weekly basis where a precise estimate was not available or where there were significant differences between weeks (for example, in the case of infection). In the majority of analyses, the middle point of the range was taken as the best estimate, and the plots present the whole range as well. Mathematical modeling with the application of Linear Mixed-Effects Models was used to assess the impact of preceding antiepileptic therapies on the potential efficacy of rapamycin. The predicted variable was the percentage improvement in seizure frequency with the first measurement (timepoint “A”) taken as the reference. For example, patient 22 who started with an average of 3 seizures per week, presented with 1.5 seizures per week after 6 months on rapamycin and to 2 after 12 months. There are three values for this patient in the dataset—the first value of improvement is 0 (at baseline), then 50 after 6 months, and finally 33.3 after 12 months. Explanatory variables were assigned to two groups: fixed variables for all three measurements and change variables for between the timepoints. The fixed variables included: gender; concomitant antiepileptic drugs as binary indicators (LEV, LTG, TPM, VGB, VPA, Other); mutation (TSC1, TSC2, no mutation identified, no data); indicator of the onset of seizures (first seizures up to 90th day of life or after); time with seizures before enrolment in the study. The change variables included: the time-point and the cumulative rapamycin dose. The improvement was modeled first with the Linear Mixed-Effects Models: the model was informed about the design of the study: provided patient id grouped data appropriately.

Overall, four models were computed:

0. the empty (baseline) model, containing the specification of the study design only (the measurements nested within patients)

1. the rapamycin model containing information about the cumulative rapamycin intake only

2. the model that contained additional information about the binary indicators of concomitant medication

3. the model containing all the remaining variables.

We compared these models using ANOVA to assess whether improvements in any particular model fitted the compensated additional degrees of freedom (DF) used for additional variables in the modeling. Additionally, we applied a machine-learning algorithm to the same dataset using the AutoML procedure from h2o package with the default parameters set. The best model was an ensemble of multiple ML algorithms with a mean average error (MAE) of 27%. Variable importance analysis and partial dependence plots (PDP) for important variables (30) were employed.




RESULTS

The main clinically relevant findings of this study are as follows:

• In a 12-month observation period, rapamycin proved to be effective (≥50% reduction of seizure frequency) for 65.5% of patients

• The safety profile proved to be favorable in all age groups

• A linear relationship between the cumulative dose of rapamycin and its therapeutic effect was observed

Below is a detailed description and interpretation of the results obtained in the study.


Patients

Between January 2016 and January 2019, 60 TSC children received reimbursed treatment with rapamycin at The Children's Memorial Health Institute, Warsaw, Poland. Thirty-five of them, 17 females and 18 males, met the inclusion criteria for this study. The median age of patients at the time of rapamycin introduction was 4 years and 1 month and varied from 11 months to 14 years and 3 months. Thirty-two patients (18 males and 16 females) received rapamycin for at least 12 months. The efficacy and safety data were analyzed for patients who completed the study. The reason for dropouts was insufficient drug efficacy in all three cases. Basic demographic and clinical data are summarized in Table 1. The study group was almost homogeneous in terms of the type of seizures observed, with a distinct predominance of focal seizures with impaired awareness. Patients with infantile spasms were excluded from the study. Among the concomitant antiepileptic drugs, vigabatrin (84%), valproic acid (69%), and topiramate (31%) were the most commonly used in the study group (Table 1).


Table 1. Baseline demographics and medical history characteristics.
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Treatment

The mean daily dose of rapamycin in the first 6 months of treatment was 1.1 mg/day and ranged from 0.4 to 3 mg/day. In the next 6 months of treatment, the mean daily rapamycin dose was 1.3 mg/day and varied between 0.4 and 3 mg, respectively.



Epilepsy and Treatment Outcome

At baseline, focal seizures with impaired awareness were found in 24 individuals, tonic seizures in six individuals, atonic seizures in three, and focal to bilateral tonic-clonic seizures in three patients, respectively. Polymorphic seizures were observed in seven children. The mean frequency of seizures was 8 per day (Table 1). EEG at baseline disclosed focal discharges in 30 cases and generalized discharges in 15 cases. Thirteen patients presented with both focal and generalized abnormalities. Hypsarrhythmia was not observed in this group. At the end of follow-up, after 12 months of rapamycin treatment, five patients showed normalization of previously abnormal EEG recordings; in 26 patients, the EEG features remained unchanged; and one patient developed generalized discharges. After the first 6 months of treatment, the improvement in seizure frequency, defined as at least a 50% reduction in the number of seizures per week compared to baseline, was seen in 18 individuals (56.25%), no change was seen in 12 individuals (37.5%) and worsening, defined as increase in the number of seizures—was seen in two patients (6.25%). After the next 6 months, another three patients showed improvement. Together with the sustained improvement in the first group of responders, a clinical improvement of the level of 65.6% was noted. At 12 months, no patient reported a worsening in seizure frequency. Figure 1 depicts outcome patterns in observed patients. After 1 year of follow-up, complete remission of seizures was found in nine patients. Another five patients experienced at least an 80% reduction in the frequency of seizures. The impact of rapamycin blood concentrations and their dynamics over time on epilepsy in individual patients was assessed (Figure 2). Modeling the dependence of the therapeutic effect achieved at checkpoints on the drug concentration in blood serum revealed a curvilinear relationship, with an optimum observed at the level of 4.5 ng/ml/day. At the same time, the relationship between the therapeutic effect and the cumulative total dose of rapamycin appeared to be linear, which suggests greater benefits from long-term rapamycin intake. Across all model estimations for rapamycin, the cumulative dose had a value of around 0.033 per 1 mg consumed (e.g., a person who took 1,000 g of rapamycin would have expected 33% higher improvement).


[image: Figure 1]
FIGURE 1. (A) Presentation of changes in seizure dynamics in individual patients at baseline (A) and in consecutive semi-annual control points (B, C) on a quadratic scale (1a). Code symbols for individual patients on the vertical axis. On the horizontal axis, the daily seizure frequency is scaled in the range 0–5–10–20–30 seizures per day. The score marks correspond to the seizure frequency for each patient and illustrate the dynamics of treatment efficacy at 6 months and 1 year after rapamycin initiation. (B) rapamycin concentration distributions for the entire population studied in relation to the therapeutic effect obtained in first 6 months (AB) then after another 6 months (BC) that means after 1 year of rapamycin therapy. The achieved therapeutic effect, defined as improvement in seizure control, is compared to the taken dose of the drug per kg with the observed optimum in the range of 3–6.6 mg/kg.



[image: Figure 2]
FIGURE 2. Individual therapy regimes (rapamycin dosage) visualized for all patients across the study together with observed seizure intensity. If seizure intensity was described by the caregivers as interval it was visualized as a vertical bar. The vertical axis shows the serum rapamycin concentration ranges, marked for individual patients with red lines. Seizure frequency was quantified by the course of the green lines—decrease with lower frequency and increase with higher frequency of seizures. “Seizure intensity” was defined as seizure number per week.


Figure 3 presents the outcome of the mathematical analyses. With the optimal model performance only the variables related to rapamycin dosage were consistently and clearly associated. DP analysis further indicated that their relationships with the outcome were non-linear—in both cases, small values of variables were associated with highest predicted improvement. One additional DF used Model #1 was compensated with enough improvement to obtain p < 0.001 when compared to the null model. Model #2 with six additional DFs was not significantly better than model #1 (p = 0.06). Same was true for models #3 vs. #2 (p = 0.46). Given that the study subjects had predominantly focal seizures with impaired awareness, there was no specific type of seizures most sensitive to rapamycin treatment. No influence of rapamycin on the semiology of epileptic seizures was observed. There was no significant relationship indicating the influence of age on the effectiveness of rapamycin treatment in the studied group of patients.
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FIGURE 3. (A,B) Evaluation of the potential influence of additional demographic and pharmacological factors on the efficacy of rapamycin therapy (A) and evaluation of the optimal cumulative dose (the total dose of rapamycin taken over the course of treatment) of rapamycin in the studied group of patients (B) resulting from mathematical modeling. Only variables related to rapamycin dosage were consistently and clearly associated with the model performance. Detected feature importance from autoML model (A) and partial-dependence plots (B) showed non-linear relationship between therapeutic concentration of rapamycin and total cumulative dose of the drug taken during given period of therapy. The ratio of seizure reduction within these dependencies, expressed as average prediction. We used the DALEX package (30) to find relationship between individual variables in ML model and predicted outcome. First, we used it to calculate feature importance. In plot 3 (“feature importance”), one can see average drop in classifier accuracy when variable was permuted (scrambled). Higher loss meant higher importance. Then, we calculated partial dependence plots for two most important variables (rapamycin dosage on previous visit and cumulative rapamycin dosage), plots on the right hand side showed the average prediction of ML model given different levels of those variables.




Adverse Events

The safety profile of rapamycin obtained in the study group did not differ significantly from the information available in the literature (31) (Table 2). Respiratory tract infections were the most common adverse reactions in the study population (N = 15), followed by stomatitis (aphthous ulcers; N = 11). All of these adverse events were grade 1 or 2. No serious adverse events were observed in the study group. Upper respiratory tract infections were the cause of temporary drug withdrawal in 7 patients; however, with all of them rapamycin was restarted at the same dose. None of the patients required reduction of the rapamycin dosage due to adverse events. Importantly, the favorable profile of adverse events in the study group did not differ between the group of infants and the group of older children.


Table 2. Adverse events of any cause reported during the rapamycin treatment.
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DISCUSSION

The results of the study presented here confirmed the satisfactory efficacy of rapamycin as an add-on therapy in TSC-related drug-resistant epilepsy. There was no possibility of a simple comparison of these results with the results of large, randomized studies with Everolimus. However, it seems appropriate to state that in both cases, the therapeutic effect, although satisfactory, was not associated with a spectacular and quick improvement. Theoretically, that was expected before the start of clinical trials with these drugs in view of their potential disease-modifying mechanism in the TSC population. Sixty five point 5 % of patients in the observation range achieved at least a 50% reduction in the frequency of epileptic seizures. The safety profile of the drug, also after prolonged use, proved to be satisfactory. Even after 12 months of use, side effects did not significantly impede the continuation of therapy. While the occurrence of low-grade side effects was common, which sometimes led to a temporary discontinuation of rapamycin treatment, the pattern in the population that we studied was relatively good drug tolerance. A satisfactory treatment tolerance and a favorable adverse event profile also applied to the youngest infants observed in this study. This observation may have significant clinical implications, given that the early initiation of an mTOR inhibitor may prove to be a therapy of the future in the treatment of TSC. It is clinically relevant to pinpoint the fact that the expected positive therapeutic effect was usually delayed. Therefore, and taking into account the potentially modifying effects of mTORi on many aspects of TSC, it seemed reasonable to maintain therapy for a longer time to achieve the clinical effect. The results presented in this paper did not in any way suggest that the use of a lower daily dose of rapamycin over a longer period was clinically justified. However, we would like to draw attention to the potentially beneficial effect of prolonged drug administration, even in the case of initial therapeutic failure. Another interesting finding in our study was an optimal concentration range in which the potentially best anti-epileptic effect of rapamycin was observed. This was important in minimizing the likelihood of side effects. The curvilinear relationship of clinical improvement depending on rapamycin concentration obtained in our group suggested an optimal concentration close to 4.5 mg/kg/day. On the other hand, the analysis of the cumulative dose of rapamycin and its efficacy showed linear association, suggesting the need for longer treatment. We found slightly better effects of treatment in the group with TSC1 gene mutation which may be related to a generally better prognosis and a milder course of the disease in this group of patients. The results obtained in the study supported the efficacy of the combined use of vigabatrin and the mTOR inhibitor (in this case rapamycin) in the treatment of seizures associated with TSC. Whether it is related to the inhibitory effect of vigabatrin on the mTOR pathway, as suggested by some experimental studies (31), or on the contrary, on the additive effect on totally separate mechanisms of epileptic seizures, requires further research. It was important to note that in our study only the patients with a long history of drug resistant epilepsy, in whom multiple antiepileptic drugs had failed, were included in the study. There were no data on very early, let alone preventative, treatment with mTOR pathway inhibitors. It should be assumed that in such a case the effects would be more beneficial.

Our study is noted to have limitations. Although all subjects were tracked prospectively, the data have been collected in circumstances similar to everyday clinical practice. Thus, the study did not follow the methodological regime typical of RCTs. The number of seizures were reported by the patients' caregivers in the diaries used both before the introduction of rapamycin and during the study. All patients had a history of drug-resistant epilepsy and were followed in one epilepsy reference center. The caregivers were trained how to recognize seizures, but it cannot be excluded that some seizures might not have been counted. Another important issue to be addressed was improving the quality of life for patients. For the group of patients described here, we did not have a systematic database of quality-of-life questionnaires. Keeping this in mind, one might assume that, although on the whole, the reduction of more than 50% of the seizures occurred in over 60% of the subjects, the baseline frequency of the seizures as high as 8 seizures per week makes the reduction not entirely satisfactory. However, the hallmark of our patient group was that all of the participants had drug-resistant epilepsy after many past failures of pharmacological treatment. We believe that the obtained reduction in the frequency of seizures with a relatively favorable profile of adverse effects exerted by the studied drug, as well as the potentially beneficial effect of mTOR pathway inhibitors on various, also not related to the central nervous system, manifestations of tuberous sclerosis constitute sufficient justification for undertaking this type of therapeutic intervention. The benefit from the reduced number of seizures likely improved the quality of life of the patients and their families. A limitation that should also be noted was the relatively large age range in the study group.

Tuberous sclerosis is a model example of a genetically determined disease associated with symptomatic severe epilepsy starting in early infancy (1). The identification of the genes responsible for the development of TSC as well as their protein products and their key role in the activation of mTOR pathway in the pathogenesis of TSC led to disease modifying strategies (32). Two mTOR inhibitors, rapamycin and everolimus, after obtaining encouraging results in TSC animal models, were introduced in clinical trials and practice (33). Earliest reports concerned the treatment of renal AML and SEGA with rapamycin in small groups of patients diagnosed with TSC (21–23). In subsequent years, clinical studies were conducted primarily with the use of everolimus. Large randomized controlled trials have confirmed the effectiveness of this drug in the treatment of SEGA and AML associated with tuberous sclerosis (18, 19). Research on the use of mTOR inhibitors in the treatment of neurological symptoms of TSC, mainly epilepsy, followed a similar path. After the initial case reports regarding efficacy of both rapamycin and everolimus in the treatment of TSC-related epilepsy, subsequent randomized studies were only conducted with everolimus (20, 34). In 2013, the first prospective clinical trial to specifically evaluate everolimus efficacy for medically refractory epilepsy in patients with TSC was conducted (35). Seizure frequency was reduced by 50% or more in 12 of 20 patients, including several cases where dramatic improvement was observed in patients with a prior history of failed medications, vagus nerve stimulation, or epilepsy surgery. Improvement in multiple aspects of behavior and neurocognition were also reported. It is worth noting that response to treatment was highly variable, and three patients experienced an unexpected increase in seizures. Complicating the clinical picture were the phase III clinical trial results for SEGA (18, 36), in which seizure frequency and behavior measures as secondary endpoints failed to confirm the treatment benefit of everolimus. In 2017, everolimus was approved by FDA and EMA for the treatment of drug-resistant epilepsy associated with TSC and became the main mTOR inhibitor used in this indication. Despite the satisfactory antiepileptic efficacy of evrolimus, it is noteworthy that the results were not unequivocally or even spectacularly higher than those obtained with conventional antiepileptic drugs, which was expected given the potential disease-modifying effect of everolimus in TSC. Probably the key in this case was the early or even very early initiation of treatment and its consistent, long-term use: the latter suggestion also arising from the results obtained in this study. Everolimus is not widely available in many countries, including Poland. In our country, only rapamycin is reimbursed for epilepsy in TSC, even though the results of the clinical trial were not conclusive. At present, there are no uncontested comparative, face-to-face clinical or experimental data that confirm the superiority of one drug over another. Individual experimental works suggest the superiority of everolimus in neurological applications, but this requires further research (37). Curatolo et al. (36), in a post-hoc analysis of the phase 3 EXIST-3 trial with everolimus, reported that drug efficacy persisted, with sustained seizure reduction after 1 year of treatment across both pediatric subgroups [response rate 48.9% (95% CI 38.1–59.8)] for the younger subgroup [<6 years vs. 47.2% (39.3–55.2)] for the older subgroup (>6 years); thus, suggesting that everolimus appeared to be more effective in younger children. In our study, no such relationship was found.

In conclusion, in this open-label study, we observed the improvement in seizure control in drug-resistant epilepsy associated with TSC with rapamycin, especially in a longer follow-up. Considering also its favorable safety profile in TSC patients, rapamycin may be a potentially important therapeutic option, especially when everolimus is not available. However, further studies, especially controlled, randomized clinical trials are needed.
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