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Abstract

Background. Systemic therapies for refractory meningiomas are limited with no FDA-approved therapeutics.
Vascular endothelial growth factor (VEGF) is a signaling protein associated with neovascularization, peritumoral
edema, and meningioma tumorigenesis.

Methods. This phase Il study investigates the efficacy of bevacizumab (BEV), a VEGF binding monoclonal antibody,
in patients with progressive Grade | (G1M), Grade Il (G2M), Grade lll (G3M) meningioma, and other non-parenchymal
tumors including vestibular schwannoma (n=4) and hemangiopericytoma (n=4) with the primary endpoint of
progression-free survival rate at 6-months (PFS-6). Non-meningiomas were included with the respective menin-
gioma grade in the analysis. Secondary endpoints include median overall survival (mOS) and response rate.
Results. Fifty Patients (26 women; median age 54 years; range 23-81), 42 with progressive meningioma were
treated: 10 G1M, 20 G2M, and 12 G3M. Prior treatments include surgical resection (41 patients), radiosurgery (24
patients), external beam radiotherapy (28 patients), and chemotherapy (14 patients). Median infusions adminis-
tered were 16 (range, 2-68). Response was graded using the Macdonald’s criteria. PFS-6, median PFS, and mOS
were 87%, 22 months, 35 months for G1M; 77%, 23 months, 41 months for G2M; and 46%, 8 months, 12 months
for G3M. Best radiographic responses include stable disease (G1M: 100%; G2M: 85%; G3M: 82%); partial response
(G1M: 0%; G2M: 5%; G3M: 0%) and progressive disease (G1M: 0%; G2M: 10%; G3M:18%). The most common
toxicities were hypertension (n=19, 42.2%), proteinuria (n = 16, 35.6%), and fatigue (n =14, 31.1%).

Conclusion. This study showed BEV is well tolerated and appears to be a promising systemic treatment option for
patients with recurrent and refractory meningiomas.

Key Points

e Bevacizumab is safe to use in patients with meningiomas, hemangiopericytomas, and
vestibular schwannomas.

e Bevacizumab may provide patients with a longer progression-free survival to disease
treatment.
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Importance of the Study

Meningiomas are the most common intra-
cranial tumor. Standard-of-care includes sur-
gical resection when possible and radiation
therapy when indicated. Beyond surgery and
radiation, recurrent and treatment-refractory
meningiomas have no indication-specific FDA-
approved systemic therapies and therefore
these patients have very limited treatment op-
tions. This study is the largest prospective clin-
ical trial study utilizing bevacizumab (BEV), a

Meningiomas arise from neoplastic meningothelial arach-
noid cap cells and represent approximately 35% of primary
intracranial tumors in adults."? Based on the degree of
anaplasia, number of mitoses, presence of necrosis, and
evidence of brain invasion, the World Health Organization
(WHO) classifies meningiomas as benign (Grade |), atyp-
ical (Grade Il), or malignant (Grade Il1).34

While asymptomatic meningiomas are typically man-
aged through routine surveillance, the standard-of-care
for patients exhibiting symptoms or tumor growth is gross
total resection.® Postoperative radiation therapy (RT), in-
cluding external beam radiation therapy and stereotactic
radiosurgery (RS), has largely been utilized as a safe and
adjunct treatment for high-grade and recurrent low-grade
meningiomas.5>”’ However, a subset of patients receive
systemic therapy due to disease progression following
prior surgery or radiotherapy.®

The blood-brain barrier, which typically protects the
brain and spinal cord from harmful substances, also pre-
vents many forms of chemotherapy from entering the
central nervous system (CNS). Although meningiomas
develop outside of the blood-brain barrier and drug de-
livery is less of an issue, the currently available thera-
peutics have been largely inactive. Traditional cytotoxic
chemotherapies act nonspecifically by damaging prolif-
erating cells and therefore preferentially rapid cell cy-
cling tumors.The majority of meningiomas, however, are
slow growing and consequently, conventional chemo-
therapy exhibits limited efficacy®'® As a result, treating
aggressive, inoperable, or resistant meningiomas re-
mains an unmet medical need.

Recent therapies have focused on targeting signaling
pathways and growth factors thought to be important for
meningioma growth and tumor angiogenesis. However,
clinical trials on targeted molecular therapies suggest a
lack of significant treatment response.”'3To date, there are
no FDA-approved systemic therapies for meningiomas.™
A recent meta-analysis of English language publications
on systemic medical therapy for recurrent meningioma re-
ported a progression-free survival rate at 6-months (PFS-6)
of 29% for WHO Grade | meningiomas and 26% for com-
bined WHO Grade I/l meningiomas.'? The authors pro-
pose that such results can be used to define a standardized
endpoint and response criteria for treatment of recurrent
meningiomas.

monoclonal antibody currently approved in
the recurrent glioblastoma setting and known
central nervous system safety profile. Patients
on this study showed prolonged progression-
free intervals in the setting of BEV use. This
study could support larger clinical trials with
bevacizumab in meningioma and support the
use of BEV in patients with recurrent and re-
fractory meningioma where there are very lim-
ited treatment options.

Vascular endothelial growth factor (VEGF) has been
shown to play a significant role in neovascularization,
tumor growth, and genesis of edema in meningiomas.®
Several studies have shown up-regulation of VEGF gene
expression in CNS tumors as well as higher levels of
VEGF mRNA, particularly in high-grade meningiomas.'6-20
Prospective studies of vatalanib and sunitinib (oral inhibi-
tors of VEGFR and other tyrosine kinases) demonstrate ac-
tivity against recurrent Grade | and Grade II/lll meningiomas
as determined by meeting the PFS-6 benchmarks recom-
mended by the Response Assessment in Neuro-Oncology
(RANO) subcommittees.?'?2 Bevacizumab (BEV) is a hu-
manized VEGF ligand binding monoclonal antibody that is
FDA-approved for the treatment of recurrent glioblastoma
and several systemic malignancies. Retrospective studies
of BEV for surgical and radiation-refractory meningiomas
reported PFS-6 of 43.8% and 86%, suggesting therapeutic
activity.2324

The above-mentioned BEV data and relatively unfa-
vorable toxicity profile of small molecule anti-angiogenic
agents already studied, suggests that further studies are
necessary to investigate the safety and efficacy of BEV
in surgery and radiation-refractory meningioma. A pro-
spective multicenter phase Il trial was conducted to fur-
ther assess the activity of BEV in patients with recurrent
meningiomas where definitive surgery and RT were
deemed not possible or already attempted.

Methods

This single-arm phase |l trial was conducted at
Northwestern University, Washington University, Dana-
Farber Cancer Center, Columbia University, and the
University of Virginia from June 2010 to September 2013.
Patients enrolled in the study signed institutional re-
view board (IRB) approved informed consent form prior
to registration. Patient characteristics, prior treatments,
and treatment responses were recorded (Table 1). The pri-
mary tumor of interest was meningioma, but enrollment
of hemangiopericytoma (HPC; also known as solitary fi-
brous tumor of the meninges), hemangioblastoma (HB),
and acoustic/vestibular schwannoma (VS) patients were
also accepted. The study was an investigator-initiated trial
supported by funding from Genentech. The protocol was
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approved by all investigating site IRBs and informed con-
sent was obtained from each participating patient.

Patient Eligibility

Patients were required to have a prior histologically proven
meningioma, HPC, HB, or VS and have unequivocal radi-
ographic evidence of tumor recurrence or progression.
Patients with a history of neurofibromatosis type 2 were el-
igible if tumors that were not meningiomas or VS (ie, target
lesions) were stable in size for the preceding six months.
Recent resection was allowed if patients were greater than
4 weeks from surgery, had recovered from the effects of
surgery, and had the residual evaluable disease. Prior treat-
ment with other VEGF pathway inhibitors, except for BEV,
was allowed. Patients were required to be > 18 years, have a
Karnofsky Performance Scale (KPS) > 60%, and greater than
a 12-week life expectancy. Patients were required to be more
than 4 weeks from surgery, 8 weeks from RT, 4 weeks from
cytotoxic chemotherapy, and 2 weeks from biologic therapy.
The required initial laboratory values were an absolute neu-
trophil count >1000/mm?, platelets > 100 000/mm?3, hemo-
globin > 8 gm/dl, serum aspartate transaminase and serum
alanine transaminase < 3.5 x local laboratory upper limit of
normal (ULN), creatinine < 2.0 mg/dl, prothrombin time (PT)/
partial thromboplastin time (PTT) < 1.5 x ULN, total serum bil-
irubin < 1.5 x ULN, and a urine protein: creatinine ratio < 1.0
or the urine dipstick for proteinuria < 2. Anticoagulation with
therapeutic warfarin (international normalized ratio (INR) < 3)
or low molecular weight heparin was allowed.

Patients were not eligible for participation if there was a
known hypersensitivity to BEV or a prior history of another
malignancy (except nonmelanoma skin cancer or carcinoma
in situ of the cervix) unless in complete remission and off all
disease therapy for at least 5 years. Women of childbearing
potential required a negative pregnancy test. Patients could
not be pregnant and had to agree to contraception while on
the study. Patients could not have any significant medical
ilinesses that were not adequately controlled or that would
compromise the patient’s ability to tolerate BEV including
any of the following: inadequately controlled blood pres-
sure (defined as systolic blood pressure > 150 mmHg and/or
diastolic blood pressure > 100 mmHg); history of hyperten-
sive crisis or hypertensive encephalopathy; New York Heart
Association Grade Il or greater congestive heart failure; his-
tory of cardiac event within 12 months prior to starting treat-
ment; history of cerebrovascular event within 6 months prior
to registration; significant vascular disease within 6 months
prior to starting treatment; evidence of bleeding diathesis
within 28 days of starting treatment; history of major surgical
procedure, open biopsy, or significant traumatic injury within
28 days of starting treatment; history of minor surgical pro-
cedure within 7 days of starting treatment; or history of ab-
dominal fistula or gastrointestinal/bowel perforation within
6 months of starting treatment.

Dosing and Scheduling of BEV

BEV was administered intravenously at a dose of 10 mg/kg
over 90 min for the first dose then 30-60 min for remaining

doses if no infusion reaction occurred on cycle 1 day
1. The drug was administered every 2 weeks for the first
6 months, after which patients were allowed to switch to
every 3-week schedule at a dose of 15 mg/kg. Treatment
continued until disease progression or intolerable side
effects occurred. Premedication was allowed and at the
discretion of the local institution’s standards for BEV infu-
sions. One cycle was defined as 28 days on every 2-week
schedule and 42 days on every 3-week schedule.

Contrast brain magnetic resonance imaging (MRI) was
performed initially before starting treatment, and then
again, every 8 weeks on an every 2-week schedule and
every 12 weeks on an every 3-week schedule. Patients
had a physical exam prior to starting treatment and then
every 4 or 6 weeks depending on the infusion schedule.
Proteinuria was monitored by urine protein, creatinine
ratio, or dipstick every 6 weeks. If patients required elective
major surgery, BEV was held 4-8 weeks prior to the pro-
cedure and were not allowed to restart BEV until 4 weeks
after the procedure. A complete blood count and compre-
hensive metabolic panel were done on day 1 of every cycle
and a 12-lead electrocardiogram (EKG) was performed at
initial screening.

Dose Modification

Modifications of the BEV dose were not allowed. If adverse
events occurred requiring the withholding of treatment,
the dose remained the same once treatment resumed. No
more than 6 weeks were allowed between BEV doses. BEV
was discontinued for patients with > grade 2 pulmonary or
CNS hemorrhage, >grade 3 non-pulmonary or non-CNS
hemorrhage, congestive heart failure, grade 4 hyperten-
sion, proteinuria, and any grade arterial thrombotic event,
gastrointestinal perforation, fistula, and reversible poste-
rior leukoencephalopathy.

Response Assessment

Objective responses were measured per the Macdonald
criteria as the trial commenced before introduction of the
RANO criteria.'? All measurements were performed on MRI
T1W post-contrast images, with the largest cross-sectional
area defining tumor size.

Immunohistochemistry

Immunohistochemistry studies were performed on
formalin-fixed, paraffin-embedded tissue sections to de-
tect and evaluate the expression of VEGF VEGFR2, and
HER2. Sections were placed in 58-60°C oven for 60 min
to increase the adherence of tissue to glass surface. All
de-wax and antigen retrieval methods were executed by
the Leica Bond-Max Autostainer. De-waxing was com-
pleted by using Leica Bond Dewax Solution (AR9222),
followed by antigen retrieval with ER1 (Epitope Retrieval
1(AR9961) = PH 6 for 20 min). Based on the protocol for
Leica Bond Polymer Refine Detection Kit (DS9800), the
following incubation times applied for different steps:
peroxide block for 5 min; primary antibody for 15 min;
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post-primary antibody for 8 min; Polymer HRP (secondary
antibody) for 8 min; and substrate chromogen (DAB) for
10 min followed by hematoxylin. All slides were rehydrated
through alcohol and xylene, mounted and cover slipped.
Appropriate known control tissue was used for positive
control and primary antibodies were omitted in negative
controls. The following dilution and Leica Protocol re-
agents were used: VEGF (cat#ab39250 Abcam) Dilution
1:600 ER1(20) = Ph6 Leica Bond-Max protocol F VEGFR2
(cat#2479 Cell signaling) Dilution 1:200 ER2(20) = Ph9 Leica
Bond-Max protocol F Her2 Dilution 1:1000 ER1(20) = Ph6
Leica Bond-Max protocol F. If there was any degree of pos-
itive VEGF2 staining, the sample was deemed “positive”
and were categorized as low (1+), moderate (2+), and high
(3+) VEGE. If no staining was seen, samples were scored as
“negative.”

Statistical Method

The primary endpoint was PFS-6 from the date of patient
registration. PFS-6 rates and 95% confidence intervals
were estimated using the Kaplan-Meier method. Initially,
20 patients were planned for each of the combined atyp-
ical/malignant and benign grades. For the atypical/malig-
nant stratum, the null hypothesis of a 10% PFS-6 rate was
tested against an alternative of 30%. It was determined that
a sample size of 20 patients would be necessary to test

this with 76% power. A sample size of 31 patients was in-
cluded in this stratum. For the WHO Grade | stratum, the
null hypothesis of a 50% PFS-6 rate was tested against an
alternative of 80% and it was determined that a sample
size of 20 patients would be necessary to test this with 80%
power, however, only 14 grade 1 patients were enrolled
and therefore a sample size of 14 patients was included in
this stratum.

Results

Fifty patients were enrolled in the trial between July 17,
2012 and September 18, 2013. There were 24 men and 26
women with a median age of 54 years (range 23-81) and
median KPS of 80 (range 60-100). Accrual included: 14
WHO G1, 19 WHO G2, and 12 WHO G3. Of these 50 pa-
tients, 42 were diagnosed with meningioma: 10 G1M, 18
G2M, 10 G3M.The remaining 8 patients included 4 patients
with recurrent/progressive VS and 4 patients with HPC
(n=1 grade 1, n=1 grade 2, n=2 grade 3). Patients had
undergone prior treatments including surgical resection
(median 2, range 1-9), RS (median 0, range 0-3), radio-
therapy (median 1, range 1-2), and chemotherapy (median
4, range 1-5).

The median number of BEV infusions per patient was 16
(range 2-68). Nine patients changed from every 2-week to

Adverse Events (All Cases)

Figure 1. Bevacizumab treatment-related adverse events.
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an every 3-week schedule following 6-months of stable dis-
ease. Although BEV was generally well tolerated, Grade 3
and 4 treatment-related toxicities did occur (Figure 1). The
most common adverse events were hypertension (n=19,
42.2%), proteinuria (n=16, 35.6%) and fatigue (n=14,
31.1%). At the time of data analysis, treatment was dis-
continued for progressive disease (n=21, 42%), patient
withdrawal (n=10, 20%), toxicity (n=7 14%), surgical
procedures (n=2, 4%), patient death unrelated to treat-
ment (n=1, 2%), non-compliance (n=1, 2%), and treating
physician decision (n=2, 4%). Six patients (12%) remain
without progression at the time of the last data censorship
in December 2020. Median follow-up for all patients was
31.9 months.

Progression-free survival at 6 months (PFS-6) was: 93%
(61%, 99%) for WHO Grade | meningioma; 85% (61%,

A == Bonign Meningioma
== Atypical Meningioma
100+ == Malignant Meringoma
759

Overall Survival
g

95%) for WHO Grade Il meningioma; 51% (22%, 75%) for
WHO Grade Ill meningioma; and 73% (54%, 85%) for the
combined group of WHO Grade II/lll meningioma (Figure
2). PFS-6 for HPC and VS was 82% and 78%, respectively.
Median PFS and OS were: 22 months and 35 months for
WHO Grade | meningioma; 18 months and 27 months for
Grade Il meningioma; 8 months, and 12 months for WHO
Grade lll meningioma; and 14 months and 24 months for
combined WHO Grade Il/lll meningioma (Table 2, Figures
2 and 3). Median PFS and OS were 18 and 35 months and
17 and 32 months for HPC and VS, respectively. The best
radiographic response was stable disease in 86% of pa-
tients (Table 2). One patient (2%) with a Grade Il menin-
gioma had a partial response, as did one with VS. Four
patients (8%) with WHO Grade II/lll meningioma had pro-
gressive disease as the best radiographic response. In

B == Banign Meningioma

10 =& Aypica Meningiona
== Malignant Meningoma

5

4

3

)

:

T S

§

a

E 222

$ % : ’

[
O ® % & % ®

Months

Figure 2. Kaplan-Meier curves for 0S (A) and PFS (B) separated by Grade. PFS, progression-free survival; 0S, overall survival.

Table2. Median PFS, 0S, and Best Response
Grade PFS-6 (%) mPFS mOS Best Response
(Months) (Months)

Grade | meningioma (n=10) 90 22 35 SD: 100% (n = 10)

Grade Il/lll meningiomas (n = 32) 66 14 24

Grade Il meningioma (n=21) 76 18 27 SD: 85% (n=19)
PR:5% (n=1)
PD: 10% (n=2)

Grade lll meningioma (n=11) 45 8 12 SD:82% (n=9)
PD: 18% (n=2)

Note: Historical Benchmark PFS-6. Grade 1—29% Grade II/11 —26%.
Abbreviations: PFS, progression-free survival; 0S, overall survival; SD, stable disease.
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total there were 9 patients with negative VEGF staining,
29 patients were categorized as low VEGF2, 6 as mod-
erate, and 1 as high VEGF2. There was no correlation
between tumor grade and VEGF and VEGFR2 staining
results. Further, in univariate and multivariate analysis,
there was no correlation between VEGF/VEGFR2 expres-
sion and PFS-6.

Discussion

Treatment options for surgical and radiation-refractory
meningiomas remain limited. While higher-grade
meningiomas are associated with poorer clinical out-
comes, all grades of meningioma may result in significant
morbidity as a consequence of tumor location and tumor-
directed treatment.?® To date, there is no systemic medical

A i Benign Meningioma
100+ -t FOvpicalMaRgNEnt Mening O

Progression.free Survival
[
b

therapy demonstrating prolonged PFS or overall survival
in refractory meningiomas. Thus, there is no approved sys-
temic therapy for this indication. The current study investi-
gated the utility of BEV as a potentially promising therapy
in this patient population.

Preclinical studies have demonstrated that VEGF is im-
portant for meningioma growth and proliferation.?6:2”
Retrospective and small prospective studies have sug-
gested the potential benefit of VEGF pathway inhibitors
for meningioma.?'-2428 Studies evaluating VEGF pathway
inhibitors in recurrent WHO Grade Il/lll meningioma pa-
tients were reviewed (Table 3). The current study results
suggest that BEV, a humanized VEGF ligand binding
monoclonal antibody, improves PFS-6 in patients with
refractory meningiomas as reflected by a 90% rate in
Grade | and 66% rate in Grade Il/lll meningiomas. Both
outcomes are superior to the historical benchmarks of
29% and 26% respectively, as determined by a recent

B =i Benign Meringora
100+ i AlypicaiMalignan: Maaingioma

Overall Survival
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Figure 3. Kaplan—Meier curves for PFS (A) and 0S (B) for WHO Grade | and WHO Grade II/11l meningioma. WHO, World Health Organization; PFS,

progression-free survival; 0S, overall survival.

Table 3. Studies Evaluating VEGF Pathway Inhibitors in Recurrent WHO Grade II/11l Meningioma

References Treatment No. Patients
{Kaleys} (P) Sunitinib 28
{Lou}(R) Bevacizumab +TMZ or VP-16 4
8
{Nayak} (R) Bevacizumab 15
{Raizer} (P) Valatanib 22
{Shih) (P) Bevacizumab + everolimus 4
12
Current study Bevacizumab 10
21
1
32

Grade mPFS (m) OS (m) PFS-6 (%)
1/ 4.6 36

| 12.2 80

1/ 15.8 875
110 26 15 43.8
110 7.0 26 54.4

| 175 23.8 (All) 69 (All)
1/ 22

| 22 35 90

I 18 27 76

1 8 12 45

110 14 24 66

Abbreviations: PFS, progression-free survival; m, months; 0S, overall survival; P, prospective; R, retrospective; TMZ, temozolomide; VP-16,
etoposide; WHO, World Health Organization; VEGF, vascular endothelial growth factor.
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meta-analysis.’”?> Notably, this meta-analysis was pub-
lished approximately 5 years following the conception of
this clinical trial and therefore the statistical benchmarks
herein were not based on these values. Admittedly, it is
difficult to compare prior chemotherapy and targeted
therapy trials in recurrent meningioma as published re-
ports are limited by small patient numbers, selection
bias, inclusion of mixed histologic grades, and number
of recurrences.'?

The current trial was a single-arm phase |l study stratified
by meningioma grade per the traditional WHO classifica-
tion.® Outcomes of Grade Il and Ill patients were in addition
analyzed separately for descriptive purposes. The study re-
sults suggest BEV is an active agent and should be con-
sidered for use in patients with refractory meningiomas.
The current study prospectively confirms the benefit of
BEV relative to other targeted and chemotherapeutic
agents that have been utilized to date. The study also dem-
onstrated that while PFS can be prolonged, this benefit oc-
curs with radiographic stable disease given that objective
radiographic response is rare.

Limitations of this study include a relatively small sample
size and variability in both meningioma tumor grade and
previous therapies completed. These prior treatments in-
cluded partial or complete surgical resection (41 patients),
RS (24 patients), external beam radiotherapy (28 patients),
and chemotherapy (14 patients). Nonetheless, this trial in-
cludes a larger study population than most prior published
trials. Furthermore, the trial utilized a single unblinded treat-
ment arm without a control group. However, as there is no
standard therapy, designing such a trial is challenging to exe-
cute. Meningiomas also have a variable growth rate, making
it difficult to measure treatment effect with consistency. This
is particularly relevant in that eligibility criteria required ev-
idence of radiographic progression prior to entering the
study, though no firm definition regarding pre-BEV treat-
ment progression was included. More recently and to en-
sure homogeneity of patients upon study entry, criteria for
pretreatment disease progression have been suggested.?®
As this study was planned and opened before these criteria
were published, a specific rate of growth pre-study regis-
tration was not captured. Furthermore, as radiographic as-
sessment indicated primarily stable disease, a trial design
assessing the duration of stable disease with BEV treatment
could potentially better define the role of BEV in treating re-
current meningioma. Lastly, response assessment utilized
the Macdonald criteria and not the revised RANO criteria,
and therefore fluid-attenuated inversion recovery (FLAIR)
changes in MRI tumor size were not considered as radio-
graphic endpoints—though likely this is a minor issue with
meningiomas.?° Further, as objective radiographic responses
were rare, pseudoresponse—wherein a decrease in contrast
enhancement occurs without an objective change in overall
tumor volume, often seen with anti-angiogenic agents—did
not confound the current study results.

In conclusion, despite the study limitations discussed,
BEV appears to result in prolonged stability for patients
with recurrent and treatment-refractory meningiomas.
Once surgical and RT options have been trialed, BEV may
be considered as a potential next-line therapy. A larger
clinical trial should also be considered to further investi-
gate the efficacy of BEV.
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