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Abstract

WHO grade II/III meningiomas recur frequently and there is currently no established molecular target therapy for menin-
gioma. No previous studies have revealed the association between receptor tyrosine kinases (RTKs) and the recurrence of
meningiomas. This study aims to elucidate the association between RTKs and the clinicopathological characteristics and
recurrence of meningioma. We investigated the immunohistochemical expression of RTKs (VEGFR-1/2/3, PDGFR-alpha/
beta and c-Kit) in 81 meningiomas (WHO grade I, n=64, WHO grade II/Ill, n=17) in 74 patients. Immunohistochemistry
revealed that 29 WHO grade I (45%), 10 WHO grade I (77%), and 4 WHO grade III (100%) tumors were VEGFR-2-positive,
and that the VEGFR-2 expression was significantly correlated with the WHO grade. In univariate analyses to investigate the
clinicopathological factors associated with recurrence, Simpson grade IV/V resection, a larger tumor size, a high VEGFR-2
expression level, WHO grade II/III, a high Ki-67 expression level, and the non-expression of PgR were identified as sig-
nificant factors. Furthermore, patients with VEGFR-2-positive meningiomas showed significantly shorter progression-free
survival. In the multivariate analysis, WHO grade II/III and the location were significantly associated with recurrence. In
conclusion, our study suggests that VEGFR-2 inhibitors might be one of the best candidates for molecular therapy against
recurrent meningiomas.
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Introduction

Meningioma is most common type of brain tumor. Most
meningiomas are benign and are classified as WHO grade I;
however, 20-25% and 1-6% of meningiomas are classified
as WHO grade II and III, respectively [1]. WHO grade 11/
III meningiomas frequently recur and rarely metastasize to
the extracranial organs. Malignant meningiomas are mainly
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treated by surgery with additional radiotherapy. At the time
of writing, there are no effective chemotherapeutic or molec-
ular targeted agents for meningioma. Reported risk factors
for recurrent meningioma include clinical factors (the extent
of resection [Simpson grade], tumor location, age, sex, pre-
operative neurologic deficit, tumor size) and pathological
factors (WHO grade, a high Ki-67 labeling index) [1-3].
Receptor tyrosine kinases (RTKs) such as VEGFR,
PDGFR, and KIT are well known for their involvement in
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angiogenesis, lymphangiogenesis, proliferation, cell sur-
vival, and cell migration in the development of vascular
systems and tumors [4]. Regarding RTKs in meningiomas,
Tuchen et al. reported that the inhibition of receptor tyros-
ine kinases such as VEGFR, PDGFR, KIT and FGFR1 by
regorafenib and sorafenib inhibits the growth and invasion
of meningioma cells through the RAF/MEK/ERK and/or
PI3K/AKT pathways [5]. There have also been reports of a
clinical trial phase II using RTK inhibitors such as erotinib,
imatinib, sunitinib, vatalanib, and anti-VEGF antibodies
such as bevacizumab; however, no randomized studies have
been performed [6], and there have been no reports of the
immunohistochemical analysis of RTKs in large cohorts that
include all WHO grades of meningioma, and there have been
no clinicopathological examinations to investigate the asso-
ciation between the expression of RTKSs and the prognosis of
patients treated without molecular therapy. In this study, we
analyzed the expression of these RTKs in meningiomas by
immunohistochemistry and determined clinicopathological
factors, including the expression of RTKs, associated with
recurrence.

Materials and methods

This study investigated 81 tumors in 74 patients who under-
went tumor resection at the neurosurgery department of
Kanazawa Medical University from 2001 to 2014. This
study was approved by the Research Ethics Committee of
Kanazawa Medical University. Patient data were obtained
from electronic medical records, which included radiol-
ogy reports, operation reports, and pathology reports. The
Simpson grade, location, size of each tumor, and recur-
rence/regrowth were reviewed by neurosurgeons (YS, OT
and HI). Regrowth was considered present if the size of the
residual tumor on the MRI images was larger than the previ-
ous one. And the histopathology, based on the WHO 2016
Classification of Tumors of the Central Nervous System,
was reviewed by pathologists (SN, NK and SY). The patho-
logical review included immunohistochemical staining of
STAT6 (Rabbit, mono, YE361, abcam, ab32520, Tokyo,
Japan) for the differential diagnosis of solitary fibrous tumor/
hemangiopericytoma.

For immunohistochemistry, a representative 5-mm core
of each tumor was collected in a tissue microarray. The anti-
bodies included progesterone receptor (PgR) (Rabbit, mono,
1E2, Roche Tissue Diagnostics, 87746, Tokyo, Japan), Ki-67
(Mouse, mono, MIB-1, BioGenex, AM297-UC, Fremont,
USA), VEGFR-1 (Rabbit, mono, Y103, abcam, ab32152),
VEGFR-2 (Flk-1, Mouse, mono, Santa Cruz Biotechnology,
sc-6521, Texas, USA), VEGFR-3 (Mouse, mono, #54703,
R&D systems, MAB3491, Minneapolis, USA), PDGFR-
alpha (Mouse, mono, #35248, R&D systems, MAB322),
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PDGFR-beta (D-6, Mouse, mono, Santa Cruz, sc-374573),
c-Kit (Rabbit, poly, DAKO, A4502, Tokyo, Japan). Immuno-
histochemistry was performed using an autoimmunostainer
(Leica Biosystems, Bond-MAX, Nussloch, Germany). Colon
cancer tissue was used as a positive control for RTKs. Immu-
nohistochemical staining of RTKs was evaluated using the
Allred score [7]. The intensity was classified into 4 groups:
0 (negative), 1 (weakly positive), 2 (moderately positive),
and 3 (strongly positive). The percentage was classified into
6 groups: 0 (negative), 1 (<1%), 2 (1-10%), 3 (11-33%), 4
(34-66%), 5 (67-100%). The immunohistochemistry score
(IHC score) was calculated as the sum of the intensity score
and the percentage score. The immunohistochemistry data
were assessed by two pathologists (SN and SY) and the
reproducibility of methods was checked. The tumors with
no staining for most antibodies, such as tumors with calcifi-
cation, were excluded from this study.

All statistical analyses were performed using the EZR
software program on R commander (Version 1.37) [8].
Each IHC score of the RTKs, and the percentage of PgR
and Ki-67, tumor size, and age were included in a receiver
operating characteristic (ROC) curve analysis to determine
the optimal cutoff values that predicted recurrence. Univari-
ate log-rank tests were performed to evaluate the association
between recurrence and each variable, then Kaplan—-Meier
curves were drawn to compare the progression-free survival
of meningiomas with and without the expression of VEGFR-
2. Variables with p values of <0.2 in the univariate log-rank
test were included in a subsequent Cox multivariate analysis.
Fisher’s test was used to examine the association between
WHO grade and the expression of VEGFR-2. p values of
<0.05 were considered to indicate statistical significance.

Results
Clinical features

The clinical data are summarized in Table 1. The median
age at the first operation was 64 years (range 27-83 years).
The median duration of follow-up after the diagnosis of
meningioma was 60.4 months (range 1.5-196.3 months).
There were 52 (70%) female patients and 22 (30%) male
patients. Forty-nine (60%) tumors were located in the skull
base. The median tumor size was 32 mm (range 13—-70 mm).
Gross total resection was achieved for 52 (64%) tumors, the
Simpson grades of which were I, IT and III. Out of the 11
tumors that were treated with adjuvant radiotherapy and/or
chemotherapy, 5 of the 8 WHO grade II/III meningiomas
recurred, while none of the 3 WHO grade I meningiomas,
which were located in skull base and treated with Simpson
grade IV resection, recurred.
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Table 1 Clinical characteristics Table 2 Pathological characteristics
Variable Value Variable WHO grade
Number of patients 74 I(n=64) U m=13) IIn=4)
Number of tumors 8I(R7) Histological features
Median age of 1st operation in years (range) 64 (27-83) High mitotic index (>4) 0 4 3
Median follow-up after diagnosis in months (range) 60 (1.5-196) Brain invasion 0 2 2
Sex Increased cellularity 30 13 4
Female 52 Small cells with high N/C 4 6 3
Male 22 Prominent nucleoli 15 8 3
Location Sheeting 0 7 2
Skull base 49R7) Necrosis 0 8 3
Optic nerve sheath 3RD Immunohistochemistry
Anterior fossa 1 PeR 33 5 1
Olfactory groove 6 (R2) Ki-67 1 8 4
Planum sphenoidale 2 VEGFR-1 24 7 2
Tuberculum sellae 11T (R1) VEGFR-2 29 10 4
Sphenoidal ridge 9 VEGFR-3 46 9 3
Falcotentorial 3(R2) PDGFR-alpha 9 3 0
Petroclival 3 PDGFR-beta 51 9 3
Petrous 1 c-Kit 43 9 3
Tentorial 8(R1
Posterior fossa 2 The numbers represent the number of the tumors that met the con-
Non-skull base 1 ditions. Regarqipg immunohistos:hemistry, the listed numbers are the
number of positive tumors classified by each cutoff value. The cutoff
Convexity 18 values for each antigen are described in the results
Falx 6
Parasagittal 7
Intraventricular 1 The histological and immunohistochemistry data are
Median tumor size in mm (range) 32 (13-70) summarized in Table 2 and representative photos are shown
Simpson grade in Fig. 1. Sixty-four tumors were WHO grade I meningiomas
[ 16 (meningothelial meningioma, n=35; transitional meningi-
I 24 oma, n=13; fibrous meningioma, n=11; psammomatous
I 12 meningioma, n=3; angiomatous meningioma, n=2), 13
v 29 were WHO grade II (atypical meningiomas), and 4 were
v 0 WHO grade III (anaplastic meningiomas). The histological
Adjuvant radiotherapy and/or chemotherapy 11 features necessary for grading are shown in Table 2. The

R number of tumors with recurrence/regrowth

Pathological features

The revision of all meningiomas based on the WHO 2016
Classification of Tumors of the Central Nervous System led
to the reclassification of two meningiomas. One rhabdoid
meningioma (WHO grade IIT) was changed to atypical men-
ingioma with rhabdoid features (WHO grade II) because
the tumor had focal rhabdoid cells, increased cellularity,
prominent nucleoli, sheeting, foci of spontaneous necro-
sis, but a low mitotic index (1/10 high-power field). One
meningothelial meningioma (WHO grade I) was changed to
atypical meningioma (WHO II) due to the presence of brain
invasion. All meningiomas, including angiomatous menin-
giomas, were immunohistochemically negative for STAT6.

average mitotic index values in WHO grade I, II, and III
tumors were 0.2, 3.2, and 24.0, respectively. The average
percentage of PgR on IHC of WHO grade I, IT and III tumors
were 48.7%, 13.9%, and 22.5%, respectively. Ki-67 labeling
index values of WHO grade I, II, and III tumors were 2.1%,
11.4%, and 35.6%, respectively.

The immunohistochemical analysis of RTKs (Fig. 1)
revealed VEGFR-1/2 and PDGFR-beta positivity in the cyto-
plasm and/or membrane, and VEGFR-3, PDGFR-alpha, and
c-Kit positivity in the cytoplasm. The expression of VEG-
FRs was seen in endothelial cells and the expression of c-Kit
was seen in inflammatory cells in tumors. Normal meninges
were not included in the specimens. The average IHC score
of VEGFR-1 in WHO grade I, IT and III tumors was 6.5, 7.1,
and 7.3, respectively. The average IHC score of VEGFR-2
in WHO grade I, II and III tumors was 4.8, 6.2, and 7.3,
respectively. The average IHC score of VEGFR-3 in WHO
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Fig.1 The histology and immunohistochemical staining of recep-
tor tyrosine kinases in meningiomas and MRI imaging of VEGFR-
2-positive recurrent WHO grade I meningioma. a The histological
examination of a representative case of WHO grade I meningioma
(HE staining). b VEGFR-1 was expressed with moderate intensity in
a representative case of WHO grade I meningioma. ¢ A representa-
tive case of VEGFR-2-negative WHO grade I meningioma. d The
histological examination of a representative case of WHO grade III
meningioma (HE staining). Arrows indicate mitosis. e VEGFR-1 was
expressed with high intensity in a representative case of WHO grade
III meningioma. f VEGFR-2 was expressed with high intensity in the
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cytoplasm and cell membrane in a representative case of WHO grade
III meningioma. g A representative case of VEGFR-3-negative WHO
grade III meningioma. h PDGFR-alpha was weekly positive in a rep-
resentative case of WHO grade III meningioma. i PDGFR-beta was
expressed with moderate intensity in the cytoplasm and cell mem-
brane of a representative case of WHO grade III meningioma. j The
histological examination of a recurrent WHO grade I meningioma.
k The expression of VEGFR-2 was detected in the same case as j. |
T1-weighted MRI with contrast enhancement shows recurrence in the
same case as j
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grade I, IT and III tumors was 3.5, 3.4, and 3.5, respectively.
The average IHC score of PDGFR-alpha in WHO grade I,
IT and III tumors was 4.8, 4.1, and 5.5, respectively. The
average IHC score of PDGFR-beta in WHO grade I, II and
III tumors was 4.1, 4.4, and 4.5, respectively. The average
IHC score of c-Kit in WHO grade I, II and III tumors was
3.3, 3.3, and 3.5, respectively.

In the ROC curve analysis for recurrence, the areas under
the curve (AUCs) of PgR, Ki-67, VEGFR-1/2 and PDGFR-
alpha/beta were 0.5-0.7, while AUCs of VEGFR-3 and c-Kit
were <0.5. The cutoff values for PgR, Ki-67, VEGFR-1/2/3,
PDGFR-alpha/beta, and c-Kit were 0, 9, 8, 6, 4, 7, 3, and 3,
respectively. The numbers of positive tumors using the cut-
off values for each antibody are listed in Table 2. VEGFR-1
was detected in 24 (38%) WHO grade I tumors, 7 (54%)
WHO grade II tumors, and 2 (50%) WHO grade III tumors.
VEGFR-2 was detected in 29 (45%) WHO grade 1 tumors,
10 (77%) WHO grade II tumors, and 4 (100%) WHO grade
IIT tumors. VEGFR-3 was detected in 46 (72%) WHO grade
I tumors, 9 (69%) WHO grade II tumors, and 3 (75%) WHO
grade III tumors. PDGFR-alpha was detected in 9 (14%)
WHO grade I tumors, 3 (8%) WHO grade II tumors, and
0 (0%) WHO grade III tumors. PDGFR-beta was detected
in 51 (80%) WHO grade I tumors, 9 (69%) WHO grade
IT tumors, and 3 (75%) WHO grade III tumors. c-Kit was
detected in 43 (67%) WHO grade I tumors, 9 (69%) WHO
grade II tumors, and 3 (75%) WHO grade III tumors.

Statistical analyses

In the log-rank univariate analysis to investigate the clinical
and pathological factors associated with recurrence/regrowth
(Table 3), the expression of VEGFR-2 was identified as a
significant factor (p =0.035), along with WHO grade II/I11
(»<0.001), a higher Ki-67 labeling index (p <0.001), the
absence of PgR expression (p =0.008), larger tumor size
(p=0.002) and non-gross total resection (p <0.001). The
Kaplan—Meier curves for progression-free survival of men-
ingiomas with and without the expression of VEGFR-2 are
shown in Fig. 2. Because the p values of male sex and skull
base (location) were 0.100 and 0.172, respectively, these fac-
tors were included in the subsequent multivariate analysis.
The p value of adjuvant radiotherapy and/or chemotherapy
in the log-rank univariate analysis was 0.002, but adjuvant
radiotherapy and/or chemotherapy were excluded from the
subsequent multivariate analysis because it was evident that
adjuvant radiotherapy and/or chemotherapy depended on
WHO grade and/or Simpson grade.

In the Cox multivariate analysis (Table 4), only WHO
grade II/III (p =0.002) and skull base (0.042) were inde-
pendent risk factors for progression; the expression of
VEGFR-2 was not (p =0.364). Based on the results of the
IHC data of VEGFR-2 and the results of univariate and

Table3 The univariate analysis of risk factors for recurrence/
regrowth

Variable Recurrence No recurrence p value

Sex
Male 7 19 0.100
Female 7 48

Age
<60 years 4 28 0.306
>60 years 10 39

Tumor location
Skull base 11 38 0.172
Non-skull base 3 29

Tumor size
<5cm 6 53 0.002*
>5cm 8 14

Simpson grade
LI I 2 50 <0.001*
v 12 17

WHO grade
I 2 62 <0.001*
I, 11 12 5

Ki-67
<9%% 6 62 <0.001*
>9% 8 5

PgR
Negative 8 14 0.008*
Positive 6 53

VEGFR-1
Negative 7 43 0.346
Positive 7 24

VEGFR-2
Negative 3 37 0.035*
Positive 11 30

VEGFR-3
Negative 6 20 0.288
Positive 8 47

PDGFR-alpha
Negative 10 59 0.099
Positive 4 8

PDGFR-beta
Negative 5 16 0.547
Positive 9 51

c-Kit
Negative 4 25 0.408
Positive 10 42

*Statistical significance

multivariate analyses to investigate the association between
progression and VEGFR-2, we performed Fisher’s test to
investigate the association between VEGFR-2 and the WHO
grades.

@ Springer



Brain Tumor Pathology (2019) 36:7-13

1004
o
_:'_ —HH—H— + t +—+
804  *7,
[ TIPS
= . R +
=
S 60
>
o
g — VEGFR-2 negative
5 40 ---- VEGFR-2 positive
p=0.035
20
04
T T T T
0 50 100 150 200

Time (months)

Fig.2 Kaplan—-Meier curves for progression-free survival in menin-
gioma with and without the expression of VEGFR-2. VEGFR-2-pos-
itive meningioma was associated with significantly shorter progres-
sion-free survival than VEGFR-2-negative meningioma

Table4 The multivariate analysis of risk factors for recurrence/
regrowth

Variables Hazard ratio 95% CI p value
Male sex 0.4683 0.11-1.96 0.299
Skull base 6.9020 1.07-44.4 0.042%*
Size>5 cm 1.6200 0.30-8.81 0.576
Simpson grade IV 5.2120 0.75-36.4 0.096
WHO grade II and IIT 96.530 5.12-1820 0.002*
Ki-67>9% 1.0710 0.20-5.66 0.936
PgR positive 0.4505 0.07-3.06 0.415
VEGFR-2 positive 2.2500 0.39-13.0 0.364

*Statistical significance

In a 2 x 3 Fisher’s test, the expression of VEGFR-2 was
significantly associated with the WHO grade (p =0.012).
The p value of a 2 X2 Fisher’s test for the association
between VEGFR-2 and WHO grade II/III was 0.007. The
expression of VEGFR-2 was significantly high in WHO
grade II/III meningiomas. VEGFR-2 seemed to be associ-
ated with progression via WHO grades.

Furthermore, the expression of VEGFR-2 was sig-
nificantly associated with a high Ki-67 labeling index
(»=0.013) and the expression of VEGFR-1 (p=0.001) in
a 22 Fisher’s test. Fisher’s test revealed no other associa-
tions between VEGFR-2 and other clinical or pathological
factors.
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Discussion

Brain invasion was added as a criterion for atypical
meningioma in the meningioma grading sections of the
WHO 2016 Classification of Tumors of the Central Nerv-
ous System [1]. In the histological review of our series,
one meningioma with brain invasion and recurrence was
changed from WHO grade I to WHO grade II. Regard-
ing the histological features that define atypical meningi-
omas, Barresi et al. reported that brain invasion and the
co-presence of sheeting and a high mitotic index in 62
atypical meningiomas had the highest sensitivity (90.9%)
and highest specificity (86.7%) [9]. In our analysis of all
WHO grades of meningioma, each histological feature that
defined atypical meningiomas was significantly associated
with shorter progression-free survival, but there were no
significant differences in 13 WHO grade II meningiomas.
This might be because there were fewer cases of WHO
grade II meningioma in this study.

VEGFR-2 was known as the main mediator of angio-
genesis and the inhibition of VEGFR-2 activity blocks
sarcoma cells in mice [4]; furthermore VEGFR-2 predicts
decreased survival in patients with soft tissue sarcomas,
such as undifferentiated pleomorphic sarcoma, leiomyo-
sarcoma, synovial sarcoma, liposarcoma, and angiosar-
coma [10]. In this study, angiomatous meningioma and
other WHO grade I variants were not significantly asso-
ciated with the expression of VEGFR-2. Regarding the
angiogenesis of meningioma, the upregulation of VEGF
in meningiomas has been reported, suggesting its role as a
pro-angiogenetic factor responsible for peritumor edema;
however, the correlation between the expression of VEGF
and WHO grade is controversial [11].

In our study VEGFR-1/2 and PDGFR- were expressed
in the cytoplasm and membrane, which was consistent
with Hilton’s study [12]. The new finding in our analysis
was that the VEGFR-2 expression was found to be signifi-
cantly associated with the WHO grade by Fisher’s test and
the expression of VEGFR-2 was significantly associated
with progression-free survival in the log-rank univariate
analysis. This discrepancy might be due to the difference
in the numbers of patients and/or the races of patients
between Hilton’s and ours. Our data based on 81 meningi-
omas including 17 WHO grade II/III in Japanese patients,
but Hilton’s study had 30 meningiomas including 10 WHO
grade II /IIT in UK [12].

There was a significant association between the
expression of VEGFR-2 and progression-free survival
in the log-rank univariate analysis in our data, although
Kaley reported that VEGFR-2 positivity predicted better
progression-free survival than VEGFR-2 negativity in
patients with meningioma in Phase II trials of sunitinib



Brain Tumor Pathology (2019) 36:7-13

13

for recurrent and progressive WHO grade II/III menin-
gioma [13]. It might be that VEGFR-2 positive meningi-
omas have a worse prognosis without VEGFR-2 inhibitor
treatment, but a better prognosis with VEGFR-2 inhibitor
treatment. In our analysis, all two recurrent WHO grade
I meningiomas were VEGFR-2 positive; one was located
in the skull base, the other located in the convexity; both
were resected (Simpson grade IV and II, respectively).
The latter tumor recurred 19.5 months after the first sur-
gery (shown in Fig. 1j, k, I). With regard to the VEGFR-2
expression in WHO I meningiomas alone, 2 of 29 VEGFR-
2-positive tumors had recurrence; no recurrence was
detected in 35 VEGFR-2-negative tumors. Accordingly,
it might be necessary for patients with VEGFR-2 positive
WHO grade I tumors to be followed up closely, even after
gross total resection.

In conclusion, VEGFR-2-positive cranial meningiomas
showed significantly higher recurrence and regrowth rates
in a univariate analysis and a significant correlation between
the expression of VEGFR-2 and the WHO grades was iden-
tified by Fisher’s test in the present study. Thus, inhibitors
of VEGFR-2 and downstream molecules in its signaling
pathway might be good candidate agents for the molecular
therapy for the treatment of recurrent meningioma. Further
studies are needed to establish better molecular therapies
for meningiomas.
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