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Abstract 
Background.   Meningiomas occur in 80% of persons with neurofibromatosis 2 (NF2) and cause significant mortality 
and morbidity, yet there are no effective medical treatments. NF2-deficient tumors have constitutive activation of 
mammalian/mechanistic target of rapamycin (mTOR), and treatment with mTORC1 inhibitors results in growth 
arrest in a minority of tumors, with paradoxical activation of the mTORC2/AKT pathway. We studied the effect of 
vistusertib, a dual mTORC1/mTORC2 inhibitor, in NF2 patients with progressive or symptomatic meningiomas.
Methods.   Vistusertib was administered orally at 125 mg twice daily for 2 consecutive days each week. The primary end-
point was the imaging response in the target meningioma, defined as a volume decrease of 20% compared with the base-
line. Secondary endpoints included toxicity, imaging response of nontarget tumors, quality of life, and genetic biomarkers.
Results.   Eighteen participants (13 female), median age of 41 (range, 18–61) years, were enrolled. In target 
meningiomas, the best response was partial response (PR) in 1/18 tumors (6%) and stable disease (SD) in 17/18 tu-
mors (94%). For all measured intracranial meningiomas and vestibular schwannomas, the best imaging response 
was PR in 6/59 tumors (10%) and SD in 53 (90%). Treatment-related grade 3/4 adverse events occurred in 14 (78%) 
participants, and 9 participants discontinued treatment due to side effects.
Conclusions.   Although the study did not meet the primary endpoint, vistusertib treatment was associated with 
high rates of SD in progressive NF2-related tumors. However, this dosing regimen for vistusertib was poorly tol-
erated. Future studies of dual mTORC inhibitors for NF2 should focus on optimizing tolerability and evaluating the 
relevance of tumor stability in participants.

Key Points

•	 Vistusertib treatment was associated with a high rate of meningioma and vestibular 
schwannoma stabilization in neurofibromatosis 2 (NF2) patients.

•	 Vistusertib treatment at a dose of 125 mg twice daily on 2 consecutive days each week 
was not well tolerated by NF2 patients and alternative regimens should be considered in 
future trials.

Prospective phase II trial of the dual mTORC1/2 
inhibitor vistusertib for progressive or symptomatic 
meningiomas in persons with neurofibromatosis 2  
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Neurofibromatosis 2 (NF2) is a neurogenetic tumor sup-
pressor syndrome with a birth prevalence of 1 in 27,956.1 
Persons with NF2 have an increased risk of multiple 
tumor types, including schwannomas, meningiomas, and 
ependymomas.2 While schwannomas (primarily bilateral 
vestibular schwannomas, VS) are the hallmark of NF2, 
meningiomas are the second most common tumor with a 
cumulative prevalence of 80% by age 70.3 In a long-term 
study of 119 persons with NF2, 74 had an evidence of me-
ningioma (median, 3 per person). One-third of tumors 
demonstrated progressive linear growth exceeding 1 mm/
year, and 7.3% of tumors had volumetric growth exceeding 
20% per year.4 Meningiomas are a major contributor to the 
morbidity and mortality of NF2.

The current standard of care for the treatment of pro-
gressive or symptomatic meningiomas in NF2 is maximal 
safe surgical resection, with radiation reserved for the 
treatment of recurrent tumors or those with aggressive 
features (eg, WHO grades II or III), or for otherwise sympto-
matic but surgically inaccessible tumors. Given the young 
age of presentation for persons with NF2-associated 
meningiomas, many clinicians avoid or delay radiation 
therapy due to the risk of secondary malignancies. Many 
systemic therapies have been studied to treat recurrent 
or progressive meningiomas, though none have demon-
strated clear clinical benefit for either sporadic or NF2-
related meningioma.

Mammalian/mechanistic target of rapamycin (mTOR), a 
serine/threonine kinase, forms 2 distinct functional com-
plexes called mTORC1 and mTORC2 that regulate cell 
growth, proliferation, and survival.5,6 We previously iden-
tified constitutive activation of mTORC1 in NF2-mutant 
meningioma cells, and in vitro treatment with rapamycin, 
a potent inhibitor of mTORC1 signaling, revealed a reduc-
tion in cell size.7 Based upon this work, a clinical trial of 
everolimus (a rapalog that selectively targets mTORC1) 
was performed in VS, demonstrating cytostatic effects.8–10 
We subsequently identified that mTORC2 is constitutively 
activated in NF2-mutant meningioma cells by virtue of 
downstream activation of serum and glucocorticoid-
regulated kinase 1 and hypothesized that this may explain 
why everolimus was only cytostatic in humans.11,12 There 
is also evidence that inhibition of mTORC1 activates mul-
tiple negative feedback mechanisms that lead to increased 
Akt signaling.13 Taken together, these observations led us 

to test the dual mTORC1/mTORC2 inhibitor, vistusertib 
(formerly AZD2014), in primary human meningioma cells 
in vitro, which convincingly demonstrated in vitro inacti-
vation of both mTORC1 and mTORC2 signaling pathways 
and decreased cell proliferation with greater efficacy 
than rapamycin.11 Based on this information, we sought 
to test vistusertib in persons with NF2 and progressive 
meningiomas.

Materials and Methods

Study Design and Patients

This single-institution, open-label phase II trial enrolled 
persons with NF2 who had symptomatic or progressive 
meningiomas. The primary endpoint was the proportion 
of participants who achieved an imaging partial response 
(PR) to therapy, defined as ≥20% volume reduction in the 
target meningioma compared with baseline. Secondary 
endpoints included progression-free survival, progression-
free survival at 6 months, proportion of subjects with an 
imaging PR in a nontarget meningioma or VS, and fre-
quency of adverse events (AEs) related to vistusertib. 
Outcomes were correlated with germline NF2 patho-
genic variants and immunohistochemistry (IHC) markers 
of mTORC1 and mTORC2 activation (pS6, pAKT, pNDRG) 
from archival tumor tissue.

The trial (NCT02831257) was approved by the Dana-
Farber/Harvard Cancer Center institutional review board 
and vistusertib was supplied by AstraZeneca. All partici-
pants or their legal guardians provided informed consent.

Patients aged 18 years or older meeting National 
Institutes of Health14 or Manchester criteria15 for NF2 with 
a symptomatic or progressive meningioma were eligible 
for enrollment, with progression defined as an increase 
in target meningioma volume ≥20% OR ≥3  mm during 
the prior 2 years. Target meningiomas had to be measur-
able volumetrically and must not have been amenable to 
surgery or patients had to refuse surgery. Prior surgery or 
radiation was not a requirement for enrollment, though 
patients had to have received less than 3 prior chemo-
therapy regimens. Archival tumor tissue was required for 
immunohistochemistry, though not necessarily from the 
target tumor. Previous treatment with another mTORC1/

Importance of this Study

Meningiomas occur in 80% of patients with neurofibro-
matosis type 2 (NF2) and, to date, there are no effec-
tive medical therapies for these tumors. NF2-associated 
meningiomas demonstrate constitutive activation of 
mTORC1 and mTORC2 signaling, though previous clin-
ical trials of everolimus (mTORC1 inhibitor) have shown 
cytostatic effects for vestibular schwannomas. Here, 
we report the results of a phase II single-arm study of 
the dual mTORC1/mTORC2 inhibitor vistusertib for pro-
gressive or symptomatic meningiomas in participants 

with NF2. While our prespecified imaging response rate 
was not met, vistusertib was associated with high rates 
of stable disease for NF2-associated tumors including 
progressive meningiomas. At the studied dosing, 
vistusertib was poorly tolerated and most participants 
discontinued the study prior to completing the clinical 
trial. These data further support the concept of mTOR 
inhibition as a therapeutic strategy for NF2-associated 
tumors but underscore the importance of drug tolera-
bility in this population.
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mTORC2 dual inhibitor was prohibited. Finally, due to the 
risk of cardiac and metabolic toxicities with vistusertib, pa-
tients were excluded if they had a cardiac procedure within 
the last 12 months, had a left ventricular ejection fraction of 
<55%, uncontrolled type II diabetes, a prolonged QT interval, 
or required other medications that prolong QT interval.

Vistusertib was administered orally at a dose of 125 mg 
twice daily on 2 consecutive days each week, with 28 con-
secutive days defined as 1 treatment cycle. Sequential 
dose reductions to 100 mg—and then 75 mg—on the 
same schedule were applied for Common Terminology 
Criteria for Adverse Events (CTCAE, version 4.0) grade 
3 or 4 toxicities, provided recovery to grade 2 or less fol-
lowing drug hold. Participants were assessed by MRI with 
volumetric tumor analysis at baseline and every 3 cycles 
thereafter. The target meningioma was determined by 
the treating clinician, and central MRI review was per-
formed by a central imaging core. Longitudinal tumor 
volume was additionally determined for up to 4 nontarget 
meningiomas and for any VS at each time point. Imaging 
response for tumors was defined according to REiNS cri-
teria for NF-related tumors16: complete response (CR), 
complete disappearance of enhancing tumor; PR, decrease 
in tumor volume of 20% or more; progressive disease (PD), 
increase in tumor volume of 20% or more; and stable dis-
ease (SD) for all others. The best imaging response was de-
fined as the smallest volume compared to baseline at any 
time point during treatment.

AEs were graded and attributed to vistusertib according 
to the CTCAE before each cycle; physical examination and 
laboratory monitoring were conducted every 4 weeks. Due 
to the relatively mild profile of adverse effects observed 
after the study began, the investigators expanded to allow 
alternating visits to be done through telehealth with re-
quired laboratory evaluations and/or electrocardiogram 
being done near home.

Quality of Life

NF2-specific quality of life (QoL) was evaluated using the 
NF2 Impact on Quality of Life (NFTI-QOL) questionnaire.17 
This validated questionnaire assesses the 8 domains of 
hearing, dizziness and balance, facial palsy, sight, mo-
bility and walking, role and outlook on life, pain, and anx-
iety and depression. Summary scores range from 0 to 24 
with higher scores indicating worse NF2-specific QoL. 
Vestibular schwannoma-specific QoL was evaluated using 
the Penn Acoustic Neuroma Quality of Life (PAN-QOL) 
questionnaire, as previously described.18 This validated 
questionnaire assesses the 7 domains of hearing, balance, 
facial weakness, anxiety, energy, pain, and general func-
tion. Summary scores range from 0 to 100 with higher 
scores indicating worse VS-specific QoL.

Immunohistochemical Analysis of Tumor Samples

Tissue biomarkers were evaluated in archival formalin-
fixed, paraffin-embedded tumor specimens. Antibodies 
used for IHC staining included phosphorylated ribo-
somal S6 S235/S236, phosphorylated Akt S473, and 

phosphorylated NDRG1 T346 (Cell Signaling Technology 
[CST], Danvers, MA). All histochemical staining was carried 
out by the Dana-Farber Cancer Institute/Harvard Cancer 
Center (DF/HCC) Pathology Core. The Core performed 
sectioning and immunostaining of paraffin-embedded 
formalin-fixed blocks for pNDRG1 T346 (CST 5482; 1:400), 
pS6 S235/6 (CST 2211; 1:400) and pAKT S473 (CST 4060; 
1:50). Antigen retrieval was performed with EDTA for 
15 min for pNDRG1 T346, or in sodium citrate for 45 min 
for pS6 S235/6 and pAKT S473 with Ventana automated 
stainer (Discovery Ultra, Ventana, Oro Valley, AZ). Slides 
were developed with the Ventana OmniMap anti-mouse 
HRP system (Ventana). All samples were run in parallel 
with positive and negative controls and were scored by a 
board-certified pathologist (ASR). Scoring of IHC staining 
was based on previously published criteria and incor-
porated staining intensity and extent of staining.19 The 
staining index score (0–7) was calculated by taking the sum 
of the staining extent score (0–4) and staining intensity 
(0–3). A staining index score of 0 was used to define tu-
mors with negative expression and 1–7 indicated positive 
expression.

Genetic Analysis of the NF2 Gene

In order to identify germline pathogenic variants of parti-
cipants, genomic DNA (gDNA) was extracted from blood 
samples using standard phenol/chloroform extraction 
methods. Following gDNA extraction, all NF2 coding exons 
were PCR amplified using flanking intronic primers as pre-
viously described.20 Sanger sequencing was performed by 
Eton Biosciences, Inc. (https://www.etonbio.com/).

Statistical Analysis

The primary endpoint was the proportion of participants 
achieving an imaging response in the target meningioma. 
We used natural history data for benchmarking.4 With the 
enrollment of 18 participants, we had 90% power and 
<5% significance using 1-sided binomial testing to deter-
mine the difference between an imaging response rate 
of 20% versus a historical control response rate of 1%. 
Based on this, we determined that if at least 2 participants 
achieved an imaging response in their target meningioma, 
vistusertib treatment at 125 mg BID twice weekly would be 
declared worthy of further investigation.

Baseline participant and disease characteristics are pre-
sented with standard descriptive summaries. Analysis of 
imaging response was performed on a per-patient and per-
tumor basis to account for target and nontarget tumors. 
Proportion of PR was calculated and presented along with 
the exact binomial 95% CIs. Exact binomial test was used 
for testing proportions. Pearson correlation coefficient was 
used to estimate the correlation between continuous vari-
ables. For QoL studies, the minimal clinically important dif-
ference (MCID) was defined as half of the standard deviation 
of the summary score for the participants at baseline and 
rounded up to the nearest integer. Improvement and decline 
in QoL were defined as decreases and increases, respec-
tively, greater than the MCID compared with the baseline. All 

https://www.etonbio.com/
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p-values are reported as 2 sided. All analyses were conducted 
using SAS software (version 9.2; SAS Institute, Cary, NC).

Results

Participants and Study Treatment

Eighteen participants (13 female), with a median age of 41 
years (range, 18–61 years), were screened and enrolled 
between November 2016 and September 2017 (Table 1). 
According to the NF2 Genetic Severity Scoring System,21 7 
participants (39%) were classified as severe (severity score 
= 3), 3 as moderate (17%, severity score = 2), and 8 as tissue 
mosaics (44%, severity score = 1). At baseline, the median 
volume for target meningiomas was 14 cc (range, 3–68 cc) 
with a median growth rate of 37% per year (range, −5% 
to 225% per year). The median volume for 20 nontarget 

meningiomas was 2.8 cc with a median growth rate of 14% 
per year, and the median volume for 21 VS was 2.7 cc with 
a median growth rate of 13% per year. All participants were 
evaluable for response and toxicity. The median duration 
of treatment was 12 months (range, 3–24 months) (Fig. 1A).

Efficacy

The best imaging response to the treatment for target 
meningiomas was PR in 1 (6%) and SD in 17 (94%). For 
nontarget meningiomas (n = 20), the best imaging re-
sponse was PR in 2 (10%) and SD in the remainder (90%). 
Among 20 evaluable VS, the best imaging response was 
PR in 3 (15%) and SD in 17 (85%). For all 59 intracranial 
tumors, the best imaging response was PR in 6 (10%) and 
SD in 53 (90%). The best response to therapy for all tu-
mors is shown in Fig. 1B. PD was noted in 17/59 tumors 
(29%) during treatment, including 4 target meningiomas, 7 
nontarget meningiomas, and 6 VS. Freedom from progres-
sion for 18 target meningiomas at 6, 12, and 24 months 
was 88%, 80%, and 64%; median progression-free sur-
vival was not reached (95% CI, 96 months, not available). 
Freedom from progression for 20 nontarget meningiomas 
at 6, 12, and 24 months was 100%, 90%, and 85%; for the 
21 VS was 100%, 95%, and 78%; and for all 59 tumors was 
100%, 95%, and 84%. Median progression-free survival 
was not reached (95% CI, 96 months, not available). For the 
13 target meningiomas with progression at enrollment (ie, 
an annualized growth rate of >20%), 3 progressed on treat-
ment (23%), whereas 9 had SD until study discontinuation 
(69%), and 1 had imaging response (8%).

NF2- and VS-Related Quality of Life During 
Vistusertib Therapy

Seventeen, 14, and 14 participants completed evalua-
tion for NFTI-QOL at baseline, 4 months, and off study, 
respectively. The baseline average summary score was 
9.2 (SD 3.8, MCID 2), with hearing problems identified as 
the greatest contributor to reduced NF2-related QoL. The 
average summary score decreased to 8.4 (SD 5.3) at 4 
months and was 10.0 (SD 5.4) off study. Between baseline 
and 4 months, NF2-related QoL improved in 6 of 13 partici-
pants (46%), declined in 2 (15%), and was stable in 5 (38%). 
Between 4 months and off study, 8/11 (73%) participants re-
ported a decline in NF2-related QoL participants, 1e (9%) 
reported improvement, and 2 (18%) reported stability.

Fifteen, 12, and 12 participants completed evaluation for 
Pan-QOL at baseline, 4 months, and off study, respectively. 
The baseline average summary score was 61.0 (SD 14.1, 
MCID 7), with facial function identified as the greatest con-
tributor to reduced QoL related to VS. The average sum-
mary score at 4 months was 62.0 (SD 20.4) and was 57.4 
(SD 18.4) off study. Nine participants had sufficient data at 
baseline and month 4 to determine change in QoL. Overall, 
significant improvement in VS-related QoL was reported 
in 3 participants (33%), decline in 3 (33%), and stable in 
3 (33%). Eight participants had sufficient data at month 4 
and off study to determine change in QoL. Significant im-
provement in VS-related QoL was reported in 5 participants 
(63%), decline in 1 (13%), and stable in 2 (25%).

Table 1.  Participant Demographics (n = 18) and Disease 
Characteristics

Participant demographics N = 18 

Age, median (range) 41 years (18–61 
years)

Female, n (%) 13 (72%)

Race, n (%)

  �Caucasian 17 (94%)

  �Other (not specified) 1 (6%)

Ethnicity, n (%)

  �Non-Hispanic 16 (89%)

  �Not known 2 (11%)

  �KPS at screening, median (range) 85 (60–100)

Genetic severity score

  �1. Tissue mosaic, n (%) 7 (39%)

  �2. Classic, n (%) 3 (17%)

  �3. Severe, n (%) 8 (44%)

Target meningioma N = 18

  �Volume, median (range) 14.5 cc (3.3–68.2 cc)

  �Maximum linear dimension, median 
(range)

32.8 mm (20.3–
62.9 mm)

  �Annualized growth rate at enrollment 
(%), mean/median

51%/33%

Nontarget meningiomas N = 20

  �Number of participants 14

  �Volume, median (range) 2.8 cc (0.9–19.9 cc)

  �Annualized growth rate at enrollment 
(%), mean/median

38%/14%

Vestibular schwannomas N = 21

  �Number of participants 16

  �Volume, median (range) 2.70 cc (0.3–4.2 cc)

  �Maximum linear measurement (median, 
range)

22.9 mm (10–
37.2 mm)

  �Annualized growth rate at enrollment 
(%), mean/median

20%/13%
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Adverse Events

Treatment-related AEs of any grade and grade 3/4 occurred 
in 18 (100%) and 14 (78%) participants, respectively. AEs re-
ported in ≥10% of participants (Table 2) included nausea (89%); 
diarrhea (84%); hypophosphatemia (72%); fatigue (67%); ab-
dominal pain (56%); anorexia, mucositis, and dry mouth (39% 
each); dysgeusia, vomiting, and rash each (33% each); as-
partate aminotransferase increased (28%); and constipation 
(22%). Twelve (67%) participants discontinued the study prior 
to completing 24 months, of these 9 (50%) discontinued due 

to participant choice, 1 (6%) discontinued due to investigator 
decision, and 2 (11%) discontinued due to AEs. No partici-
pants experienced a clinically significant decline in ejection 
fraction on echocardiography during treatment.

Correlative Studies

Archival tumor tissue collected during the study in-
cluded 14 meningiomas, 3 schwannomas, and 1 colli-
sion tumor of schwannoma/meningioma. Activation of 

Figure 1.  (A) Duration of study treatment with reasons for treatment discontinuation and (B) best percentage change from baseline in 
meningiomas and schwannomas (n = 59).
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the mTORC1 pathway (defined as a staining index score 
of 1–7 for pS6) was noted in 13/14 (93%) meningiomas, in 
2/3 (67%) schwannomas, and in the collision meningioma/
schwannoma (100%); activation of mTORC2 pathway 
(defined as a staining index score of 1–7 for pNDRG1 or 
pAKT) was noted in 14/14 (100%) meningiomas, in 2/3 
(67%) schwannomas, and in the collision meningioma/
schwannoma (100%) (Table S1). There was no correlation 
between mTORC1 activation, mTORC2 activation, or genetic 
severity score with imaging response to vistusertib (Fig. 2).

Discussion

In this trial involving NF2 patients with progressive or symp-
tomatic meningiomas, we documented a partial imaging 
response in 6% of target meningiomas and 10% of all in-
tracranial meningiomas and schwannomas. This response 
rate did not achieve the prespecified requirement to declare 
the dose of 125 mg BID twice weekly worthy of continued 
development for NF2 patients. Despite the low imaging re-
sponse rate, this dosing regimen for vistusertib was associ-
ated with high rates of SD for progressive or symptomatic 

meningiomas. In review of all target and nontarget intracra-
nial tumors, only 17/59 (29%) progressed during treatment, 
with a median time to progression not reached at 24 months.

One possible explanation for the low imaging response 
rate was the enrollment of participants with severe disease. 
Our cohort included a higher proportion with “severe” ge-
netic severity (44%) compared with the Oxford NF2 popula-
tion (13%), as determined by the analysis of germline NF2 
pathogenic variants. We did not identify any relationship 
between genetic severity and response to vistusertib, and 
recent retrospective studies of NF2 meningioma have also 
failed to document a relationship between genetic severity 
and individual meningioma growth rate.22 Future studies 
are needed to determine whether germline NF2 variants 
(as opposed to somatic NF2 variants in tumor tissue) corre-
late with response to medical therapy.

The correlative studies of archival tumor specimens con-
firmed activation of the TORC1 and TORC2 pathways in virtu-
ally all tumors in our participants, but this activation status did 
not correlate with imaging response in target meningiomas. 
The inability to predict therapeutic response by pathway 
activation status may either reflect the use of nontarget tu-
mors for many of our subjects, or that yet another signaling 
pathway alteration leads to mTORC1/2 inhibitor resistance. 

Table 2.  Treatment-Related Adverse Events in ≥10% of Patients

 Any grade, N = 18 Grade 3 or 4, N = 18 

Event No. of patients (%)

Any treatment-related adverse event 18 (100%) 14 (78%)

Nausea 16 (89%)

Diarrhea 15 (84%)

Hypophosphatemia 13 (72%) 10 (56%)

Fatigue 12 (67%)

Abdominal pain 10 (56%) 1 (6%)

Weight loss 9 (50%) 1 (6%)

Anorexia 7 (39%) 1 (6%)

Mucositis 7 (39%)

Dry mouth 7 (39%)

Dysgeusia 6 (33%)

Vomiting 6 (33%)

Skin disorders 6 (33%)

Aspartate aminotransferase increased 5 (28%) 1 (6%)

Constipation 4 (22%)

High cholesterol 3 (17%)

Hypertriglyceridemia 3 (17%)

Infection 3 (17%)

Pruritis 3 (17%) 1 (6%)

Alanine aminotransferase increased 2 (11%)

Anemia 2 (11%)

Headache 2 (11%)

Seizure 2 (11%)

Dyspareunia 2 (11%)

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad041#supplementary-data
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Future studies may consider collecting archival tissue from 
multiple tumors, as a further study of molecular signatures 
and signaling alterations is needed to improve our under-
standing of mTOR dependency, intertumoral variability, and 
to identify additional therapeutic targets.

In comparison to everolimus, vistusertib at 125 mg BID 
twice weekly was poorly tolerated by NF2 patients.8–10 In 
this trial, 50% of participants chose to discontinue treat-
ment due to persistent grade 1/2 AEs. Despite the high 
rate of AEs, almost half of patients reported improvement 
in NF2-related QoL during the first 4 months of treatment. 
About three-fourths of participants reported a decline in 
NF2-related QoL at the time of treatment discontinuation. 
Because most tumors did not progress during treatment, a 
possible explanation for the decline in QoL is exacerbation 
of neurological symptoms due to medication effects. These 
findings emphasize the importance of identifying agents 
that are well tolerated by NF2 patients since they require 
extended treatment (ie, years) for their tumors.

Our trial has both notable strengths and limitations. 
First, this single-center trial successfully completed accrual 
for participants with NF2-related meningioma, confirming 
the willingness of these patients to enroll in clinical trials. 
Second, we incorporated measures of genetic severity into 
the study which confirmed that this cohort was more se-
verely affected than the general NF2 population. We an-
ticipate that the use of this prognostic factor will improve 
the design of NF2 clinical trials in the future. Third, the 
trial enrolled a relatively small number of patients given 
the rarity of NF2. The study was appropriately powered to 
identify a clinically significant imaging response rate but 
was not powered to identify clinical, genetic, or tumor 
characteristics that correlate with imaging outcomes. Thus, 
it is possible that a larger study would identify germline 
NF2 variants that influence response to mTOR inhibitors. 
Fourth, the trial did not include an internal comparator arm 
(either placebo or active control) given the limitations of 
enrolling sufficient participants in a single-center study. 

The lack of a comparator limits our ability to draw defin-
itive conclusions about the relevance of SD for these tu-
mors. Future studies of mTOR inhibitors should consider 
incorporating design features that determine the relevance 
of SD. Fifth, half of participants elected to stop treatment 
during the trial, thereby limiting information about tumor 
response to vistusertib and durability of any benefit in 
providing tumor stability. Finally, we used REiNS criteria 
in this study for determination of imaging response.16 
Alternative criteria have been proposed for clinical trials 
of meningioma, and it is not certain which imaging criteria 
are most predictive of clinical benefit.

In conclusion, this prospective study of vistusertib in 
symptomatic or progressive NF2-associated meningiomas 
did not meet its prespecified target for advancing this dose 
in future clinical trials. However, we did show that dual 
mTORC1/mTORC2 inhibition with vistusertib stabilizes 
the majority of growing NF2-associated meningiomas 
and schwannomas, though the toxicity of the evaluated 
dose precludes further development in the NF2 popula-
tion. Development of vistusertib has been discontinued 
by AstraZeneca, but alternative dual mTORC1/mTORC2 
inhibitors, including potentially less toxic third-generation 
bi-steric mTOR inhibitors, should be considered for further 
study in NF2-related meningioma.

Supplementary material

Supplementary material is available online at Neuro-
Oncology Advances online.

Keywords 

meningioma | mTOR | mTORC1 | mTORC2 | neurofibroma-
tosis 2 | NF2 | vistusertib

Male

Pathway inactive

Pathway active

Genetic severity score

% increase in volume

1  2  3
S

ub
je

ct
 1

Genetic severity

S
ub

je
ct

 2

S
ub

je
ct

 3

S
ub

je
ct

 4

S
ub

je
ct

 5

S
ub

je
ct

 1
5

S
ub

je
ct

 7

S
ub

je
ct

 6

S
ub

je
ct

 9

S
ub

je
ct

 1
0

S
ub

je
ct

 1
1

S
ub

je
ct

 1
2

S
ub

je
ct

 1
3

S
ub

je
ct

 1
4

Sex

mTORC1 status

Target meningioma

mTORC2 status

Non-target meningioma (4)

VS (1)

VS (2)

S
ub

je
ct

 8

Non-target meningioma (1)

Non-target meningioma (2)

Non-target meningioma (3)
S

ub
je

ct
 1

6

S
ub

je
ct

 1
7

S
ub

je
ct

 1
8

% decrease in volume

0–10 10–20 >20

0–10 10–20 >20

Female

Figure 2.  Genetic severity, activity of mTORC1 and mTORC2 pathways in archival tumors, and best clinical response in participants treated with 
vistusertib. Genetic severity was classified as severe (severity score = 3), moderate (severity score = 2), or tissue mosaics (severity score = 1) 
according to the NF2 Genetic Severity Scoring System.21
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