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Bevacizumab changes vascular structure and modulates
the expression of angiogenic factors in recurrent malignant
gliomas
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Abstract Bevacizumab (BV), a monoclonal antibody

against vascular endothelial growth factor (VEGF), is

currently used in the treatment of malignant glioma. To

understand mechanisms of resistance to BV, we investi-

gated morphological changes in tumor vessels and

expression of angiogenic factors, such as VEGF, Flt-1,

basic fibroblast growth factor (bFGF), and platelet-derived

growth factor-BB (PDGF-BB), in four autopsied tumors

after BV treatment. Three patients had glioblastomas; the

fourth had a secondary glioblastoma that developed from a

diffuse astrocytoma. BV was administered because of

recurrence following the use of the Stupp regimen in these

four patients. We compared the initial surgical specimen

with that obtained after death following BV treatment.

Immunohistochemical staining of the autopsied tumors

showed that Flt-1 expression increased while VEGF

expression was significantly reduced. Additionally, other

angiogenic factors, particularly bFGF, were enhanced.

Interestingly, the proliferation of endothelial cells was

reduced, but remarkable proliferation of pericytes was

observed. These results suggest that following BV treat-

ment, glioblastomas can grow tumor vessels by expressing

various angiogenic factors. These mechanisms might be

important for rapid regrowth and blood brain barrier repair

after BV treatment. Inhibition of multiple angiogenic fac-

tors will be required to control tumor vessels in

glioblastoma.
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Introduction

Vascular endothelial growth factor (VEGF) is highly

expressed in many types of cancer cells including high-

grade glioma. VEGF binds to its receptor (VEGFR) on

vascular endothelial cells, inducing proliferation of these

cells and increasing the permeability of tumor vessels [1,

2]. Bevacizumab (BV) is a recombinant anti-VEGF mon-

oclonal antibody that blocks VEGF signal transduction

through VEGFR-1 (Flt-1), VEGFR-2, and Neuropilin-1

(NP-1)/NP-2. BV is believed to have an anti-tumor effect

by inhibiting neoangiogenesis, and is also believed to

suppress edema by reducing the permeability of the tumor

vessels [3, 4].

There is no established treatment for recurrent malignant

glioma, and its prognosis is poor. In Japan, a phase II study

of BV treatment for recurrent malignant gliomas was

conducted in 2011 [5]. According to this study, median
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progression-free survival (PFS) and overall survival (OS)

after BV treatment in patients with recurrent glioblastoma

were 3.3 and 10.5 months, respectively. These results

suggest that BV may extend OS but not PFS. In 2013, BV

was approved for both initial and recurrent malignant

gliomas in Japan and is now used by many patients with

recurrent malignant gliomas. It is known that transient but

dramatic reduction of both enhanced lesions and peripheral

edemas is achieved by BV treatment, but rapid and

uncontrollable tumor recurrence and invasion occur several

months after the administration of BV. However, the

mechanism of resistance against BV treatment is largely

unknown. Actual vascular changes after the administration

of BV have rarely been reported in humans or even in mice

[6]. Understanding the mechanism of tumor resistance

against anti-angiogenic therapy is crucial for the develop-

ment of new treatment.

In this study, we investigated changes in the vascular

structures and expression of angiogenic factors in four

autopsied patients with recurrent malignant gliomas treated

with BV to clarify the mechanism of BV resistance in such

cases.

Materials and methods

Tumor samples

We chose four glioblastoma patients who received BV

treatment after recurrence from among those treated at the

Department of Neurosurgery, Tokyo Women’s Medical

University, between 2005 and 2011. Tumor tissue was

obtained by autopsy. We considered the tumor tissue

obtained at the initial surgery as ‘‘before’’ BV treatment,

while the autopsied tumor sample was deemed ‘‘after’’

BV treatment. Patients 1, 3, and 4 were diagnosed with

primary glioblastoma; patient 2 was diagnosed with dif-

fuse astrocytoma (World Health Organization [WHO]

grade II) at initial surgery. Patient 2 was then diagnosed

with a malignant transformation owing to the appearance

of an enhanced lesion, and glioblastoma was confirmed by

autopsy. The patients’ characteristics are shown in

Table 1. We obtained informed consent and a written

agreement from the patients’ families at the times of their

deaths, and the autopsies was performed immediately after

death.

Immunohistochemistry

Hematoxylin and eosin (H&E) staining and immunohisto-

chemical analysis were performed for each surgical and

autopsied specimen. Immunohistochemical staining was

performed on glioma markers including glial fibrillary

acidic protein (GFAP) (1:200; Cat. #M0761; Dako,

Glostrup, Denmark), isocitrate dehydrogenase 1 (IDH1)

(1:200; Cat. #D299-3; Medical & Biological Laboratories,

Nagoya, Japan), and p53 (1:100; Cat. #M7001; Dako). To

secure the quality of autopsied specimens, we compared

the intermediate filament such as GFAP between autopsied

and surgical specimens. The following primary antibodies

were also used: CD31 (1:50; Cat. # MO823; Dako), a-
smooth muscle actin (a-SMA) (1:2000; Cat. #M0851;

Table 1 Patient and tumor characteristics

Case 1 Case 2 Case 3 Case 4

Sex Man Man Man Man

Age 61 31 60 50

Initial histological diagnosis Glioblastoma Diffuse astrocytoma Glioblastoma Glioblastoma

MIB-1 labeling index (%) 27.7 8.0 43.0 17.3

Adjuvant therapy Radiation

AFTV

TMZ

BV

Radiation

PAV

Interferon

AFTV

TMZ

BV

Radiation

TMZ

Interferon

BV

Radiation

TMZ

Interferon

BV

Overall survival (months) 38 69 22 21

Overall survival after BV administration 8 5 7 11

Number of BV administration 6 8 8 12

The median age of onset was 46 years (range 31–61 years). The adjuvant therapy was radiation. The median overall survival was 45 months

(range 21–69 month), the median overall survival after initiating bevacizumab (BV) treatment was 9 months (range 6–12 months), and the mean

number of cycles of BV administration was 8.5 (6–12)

TMZ temozolomide, AFTV autologous formalin-fixed tumor vaccine, BV bevacizumab, PAV procarvazine ACNU vincristine
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Dako), VEGF (1:1000; Cat. #sc-152; Santa Cruz, Texas,

United States), Flt-1 (1:100; Cat. #PA5-32,408;

NeoMarkers, California, United States), basic fibroblast

growth factor (bFGF) (1:50; Cat. #sc-1884; Santa Cruz),

and platelet-derived growth factor-BB (PDGF-BB)

(1:1000; Cat. #ab125268; Abcam). In this study we

selected Flt-1 from VEGFRs because VEGFR2 has ability

to combine with not only VEGF-A but also VEGF-C,

VEGF-D and VEGF-E. We thought the changes of Flt-1

expression directly reflected the effect of BV treatment in

comparison to VEGFR2. Histofine simple stain MAX PO

(Nichirei, Tokyo, Japan) was used as a secondary antibody

for GFAP, IDH1 and p53; ENVISION (Dako) was used for

all others. Finally, we developed the tissue using 3, 30-
diaminobenzidine. Immunohistochemical studies of VEGF,

Flt-1, bFGF, and PDGF-BB were evaluated in a 4-tiered

semiquantitative scale as follows: (-), no staining; (1?),

0–30 %; (2?), 30–60 %; and (3?),[60 %. In order to

analyze the vascular morphology, endothelial cells and

pericytes were identified by a combination of CD31 and a-
SMA in addition to H&E staining. The SMA(?) cells are

often defined as pericytes [7–9], but it could also include

endothelial cells [10]. For their differentiation we addi-

tionally used staining with CD31 antibody, which is

specific for endothelial cells. Thus in the present study

CD31(?)/SMA(±) and CD31(-)/SMA(?) cells were

defined as endothelial cells and pericytes, respectively.

Vessel staining and counting

We counted the blood vessels in which a lumen and con-

tinuity of endothelium could be identified. CD31 was used

as a marker of endothelial cells. Four different fields (1009

magnification) in the tumor bulk were chosen blindly for

each tumor tissue. The average number of vessels per field

was calculated by counting the 4 micro fields. Quantitative

data are presented as mean ± standard deviation and were

compared with a paired Student’s t test. P\ 0.05 was

considered statistically significant.

Results

Clinical course of four patients

Case 1: A 62-year-old man presented with sensory aphasia.

Brain magnetic resonance imaging (MRI) showed a tumor

in the left temporo-parietal lobe. The tumor was gross-

totally removed, and the pathological diagnosis was

glioblastoma (MIB-1 index, 27.7 %; IDH1, wild type per

immunohistochemistry). He received radiotherapy (60 Gy

total) and immunotherapy using the autologous formalin-

fixed tumor vaccine (AFTV) [11]. The tumor recurred in

14 months, and surgical removal was performed. The

patient then received temozolomide (TMZ), yet the tumor

recurred in the left tail of the hippocampus. BV was

administered at a dose of 10 mg/kg every 2 weeks for a

total of six times. The size of the enhanced lesion tran-

siently decreased after BV treatment, but enlarged

4 months after BV administration; the patient died

6 months after initiating BV treatment. The overall sur-

vival time was 38 months from the initial surgery.

Case 2: A 31-year-old man presented with weakness of

the right upper limb. MRI showed a mass lesion without

enhancement in the left frontal lobe. Subtotal resection of

the T2 high lesion was performed. The pathological diag-

nosis was diffuse astrocytoma (MIB-1 index, 8 %; IDH1,

mutant). The patient then received radiotherapy (60 Gy

total) and chemotherapy using procarbazine, nimustine

(ACNU), and vincristine (PAV). A gadolinium (Gd)-en-

hanced lesion appeared 58 months after the initial surgery,

and TMZ chemotherapy was administered. However, the

recurrent tumor grew larger after the chemotherapy, and

the patient was treated with BV for a total of eight cycles.

BV was ineffective and he died 5 months after BV

administration; the overall survival time was 69 months

from onset.

Case 3: A 62-year-old man suffered from motor aphasia

and right hemiparesis. Brain MRI showed a Gd-enhanced

tumor in the left temporal lobe (Fig. 1a). The tumor was

gross-totally removed (Fig. 1b), and the pathological

diagnosis was glioblastoma (MIB-1 index, 43 %; IDH1,

wild type). After the surgery, the patient was treated with

radiotherapy (60 Gy) and concomitant TMZ chemotherapy

followed by AFTV immunotherapy and maintenance TMZ

chemotherapy for 12 cycles. 12 months after the initial

surgery, the tumor relapsed, as determined by the appear-

ance of an enhanced lesion on MRI (Fig. 1c). He was

treated with interferon-b in addition to TMZ for three

cycles, but to no effect. The patient was treated with BV at

a dose of 10 mg/kg every 2 weeks for a total of eight

cycles. After BV treatment, the enhanced lesion was

remarkably decreased (Fig. 1d), but the tumor rapidly

relapsed 2 months later (Fig. 1e) and the patient died

7 months after initial BV treatment. The overall survival

time was 22 months.

Case 4: A 51-year-old man presented with left hemi-

paresis. MRI demonstrated a Gd-enhanced mass in the

right frontal lobe. The tumor was gross-totally removed,

and the pathological diagnosis was glioblastoma (MIB-1

index, 17.0 %; IDH1, wild type). The patient received

radiotherapy (60 Gy) and TMZ chemotherapy. However,

the tumor recurred 3 months after the initial surgery, and

he was treated with BV for a total of 11 cycles. He died

11 months after initial BV administration; overall survival

from the initial surgery was 21 months.
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The patients’ overall characteristics are described in

Table 1. Radiological changes after BV treatment were

similar in all four cases. The Gd-enhanced lesion was

transiently reduced and rapidly and uncontrollably recurred

within several months.

Changes in the vascular structures and histological

findings after BV treatment

First, we observed the histological findings in the surgical and

autopsied specimens and assessed any histological differences

between before and after BV treatment. In all the autopsied

tumor samples, nuclear atypia and the concentration of tumor

cells were stronger than those in the initial surgical specimens

(Fig. 2a–d). Pseudopalisading necrosis was also increased.

The pathological diagnosis was consistent with glioblastoma

in all 4 autopsied cases. In the autopsied tumors, the

glomerular structure was remarkably reduced, andmost of the

CD31(?)/SMA(± ) endothelial cells formed a single layer

(Fig. 2e–l). On the other hand, the CD31(-)/SMA(?) peri-

cytes were remarkably proliferated around the vessels after

BV in all the autopsied tumors (Fig. 2e–l).

Next, to investigate whether BV treatment truly reduces

angiogenesis, we compared the density of the tumor vessels

between surgical and autopsied samples by counting the

number of tumor vessels in each microscopic field. There

was no significant change in the number of tumor vessels

between the surgical and autopsied specimens (Fig. 3).

Supplementary Fig. 1 demonstrate H&E staining and

immunohistochemichal staining in cases 2 and 4.

Expression of angiogenic factors

Toassesswhether the expression of angiogenic factors changed

after BV treatment, we evaluated various angiogenic markers

including VEGF-A, Flt-1, bFGF, and PDGF-BB by immuno-

histochemistry. VEGF-A was present in all tumors at initial

surgery but its expression was reduced in all the autopsied

tissues except case2 (Fig. 4a–d), whereas the expressions of

Flt-1, bFGF, and PDGF-BB were increased in the endothelial

cells, pericytes, and tumor cells of the BV treated tumors

(Fig. 4e–p). For example, in case 1, VEGF-A expression in the

endothelial cells was reduced (Fig. 4a, b), and a strong

expression of bFGF was observed in the pericytes and tumor

cells (Fig. 4i, j). In case 3, although VEGF-A was highly

expressed in endothelial cells in the initial surgery specimen

(Fig. 4c), its expression was remarkably reduced in the autop-

sied tumor (Fig. 4d). Other angiogenic factors, especially Flt-1,

were highly expressed in the autopsied sample (Fig. 4g, h).

Supplementary Fig. 2 demonstrate immunohistochemichal

staining in cases 2 and 4. The results of immunohistochemistry

ofVEGF-A, Flt-1, bFGF, andPDGF-BBare summarized in the

lower column of Fig. 4. GFAP expression was consistent well

between autopsied and surgical specimens.

Discussion

This study provided some insight into the mechanism by

which recurrent malignant gliomas develop resistance to

BV treatment by revealing changes in the vasculature and

expression of angiogenic factors post BV treatment.

Fig. 1 The series of magnetic resonance imaging (MRI; T2WI and

Gadolinium (Gd)-enhanced T1WI) of Case 3. a Images taken at first

presentation. The tumor is located at the basal ganglion and frontal

robe. b Images after the surgery. The Gd-enhanced lesion was gross-

totally removed. c Tumor recurrence appeared on the medial side of

the removed cavity. d Images after bevacizumab treatment. The

recurred tumor was decreased remarkably. e Final image of the

patient
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Interestingly, the density of tumor vessels was unchan-

ged following BV treatment. This result strongly suggests

that inhibition of VEGF is not enough to maintain

inhibition of neovascularization. Careful examination of

the tumor vessels in the autopsied tissues revealed that the

vascular endothelium formed a monolayer enveloped by

multiple layers of CD31(-)/SMA(?) cells (presumed to be

pericytes). Most of the tumor vessels were not collapsed

and contained red blood cells, suggesting they were patent.

Generally these changes of vascular morphology are not

observed in cases without BV treatment. Pathological

investigation of the autopsied material was done in one

case of anaplastic astrocytoma, which underwent surgical

resection, irradiation and chemotherapy, but not antian-

giogenic therapy with Bevacizumab. The tumor at autopsy

was diagnosed as glioblastoma and microvascular prolif-

eration was evident. CD31 and aSMA staining were per-

formed for both surgical and autopsied specimens of the

neoplasm. Proliferation of pericytes around the vessels was

not observed, in difference with tumor specimens obtained

after Bevacizumab administration (Supplementary Fig. 3).

It corresponds to data of di Tomaso et al., who reported that

in patients who did not undergo therapy with cediranib

(pan-VEGF receptor tyrosine kinase inhibitor) tumor

specimens showed microvascular proliferation [12].

Case 1

Autopsy

Ini�al

Case 3

αSMA CD31H&E

Ini�al

Autopsy

a e i

b f j

c g k

d lh

50μm

Fig. 2 Hematoxylin and eosin, alpha-smooth muscle actin (aSMA),

and CD31 immunohistochemical staining of the surgical and autop-

sied samples (scale bar 50 lm). Cases 1 and 3 are shown as

representatives. In autopsied samples after the BV treatment, CD31

(-)/SMA(?) pericytes were remarkably proliferated around the tumor

vessels, and CD31 positive endothelial cells formed a thin single

layer. The patency of the vessels was preserved. The blood vessels are

indicated by arrows (d, h, l)
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Fig. 3 Tumor vessel densities in the surgical and autopsied samples.

The mean number of blood vessels per microscopic field (four fields

each) was as follows; surgical and autopsied, respectively: Case 1,

26.5 and 29.0; Case 2, 15 and 15.5; Case 3, 24.7 and 28; and Case 4,

26.3 and 27.3. There was no significant difference between the

surgical and autopsied samples in any of the cases (P\ 0.05)
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Vascular proliferation in glioblastoma had long been con-

sidered to involve only endothelial cells, and was often

referred to as ‘‘endothelial proliferation.’’ However, recent

reports have suggested that vascular proliferation mainly

involves the proliferation of pericytes [13, 14]. Thus, it is

currently understood that vascular proliferation in

glioblastoma consists of proliferated pericytes surrounding

an epithelial monolayer, although this is still controversial

because of the absence of pericyte-specific immunohisto-

chemical markers. The term ‘‘microvascular proliferation’’

is used in the latest WHO classification [15] in consider-

ation of these details. Taking cellular morphology and

localization into account, CD31(?)/SMA(±) cells and

CD31(-)/SMA(?) cells are thought to immunohisto-

chemically correspond to endothelial cells and pericytes,

respectively.

Case 3

Autopsy

VEGF-A Flt-1 bFGF

Ini�al

Autopsy

Ini�al

Case 1

PDGF-BB
a e i m

b f j n

c g k o

d h l p

100μm

VEGF-A Flt-1 bFGF PDGF-BB

Case 1
Ini�al

Autopsy

Case 2
Ini�al

Autopsy

Case 3
Ini�al

Autopsy

Case 4
Ini�al

Autopsy

Fig. 4 Upper column staining for vascular endothelial growth factor

A (VEGF-A), Flt-1, basic fibroblast growth factor (bFGF), and

platelet-derived growth factor-BB (PDGF-BB) Scale bar 100 lm.

Compared with the surgical samples, the expression of VEGF-A was

suppressed with the involution of the endothelial cells (a–d). On the

other hand, Flt-1 (e–h) and bFGF (i–l) were highly expressed in the

autopsied samples. Lower column the summary of immunohisto-

chemical staining of angiogenic factors. Immunohistochemical stud-

ies of VEGF, Flt-1, bFGF, and PDGF-BB were graded as follows:

(-), no staining; (1?), 0–30 %; (2?), 30–60 %; and (3?),[60 %. In

all cases, VEGF-A was suppressed while the other factors tended to

be enhanced
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It is still largely unknown whether pericytes play a role

in neovascularization in glioblastoma; however, the various

roles of pericytes have recently become clearer. For

example, pericytes appear to contribute to stabilization and

maturation of microvessels and to the maintenance of the

blood–brain barrier [16]. It was also reported that, in

response to brain ischemia, pericytes migrate to the peri-

infarct area and produce various growth factors [17].

Cheng et al. reported that glioma stem cells differentiate to

pericytes with the help of transforming growth factor-b
(TGF-b), and that the pericytes are associated with vascular
stability and tumor progression [18]. Since TGF-b induces

expression of VEGF [19], it is possible that VEGF inhi-

bition may upregulate TGF-b via negative feedback and

stimulate glioma stem cell differentiation into pericytes.

Thus, blocking the proliferation of pericytes may be a

therapeutic strategy to overcome resistance to anti-angio-

genic agents such as BV.

Our results suggest that expression of VEGF-A is sup-

pressed persistently by BV, and that the upregulation of

other angiogenic factors compensates for its loss in peri-

cytes and tumor cells, leading to BV resistance. Batchelor

et al. have reported that serum b-FGF and stromal cell-

derived factor-1-a were elevated in glioblastoma patients

treated with another VEGFR inhibitor, cediranib [20]. The

molecular mechanism of the upregulation of other angio-

genic factors after BV treatment is unclear; it may be a

result of negative feedback owing to the continuous inhi-

bition of the VEGF-driven angiogenic pathway (Fig. 5).

Since the proliferated pericytes highly express other the

angiogenic factors Flt-1 and/or bFGF, they may play an

important role in tumor neovascularization after BV

treatment. Flt-1 was thought expressed in endothelial cells

specifically, but recently reported that the expression was

observed also glioblastoma cells [21, 22]. Inhibition of

other angiogenic factors following BV treatment may be

effective for long-term tumor control.

There are limitations in this study. First, the patients

were treated not only with BV but also with other thera-

pies, including chemotherapy, radiation therapy, and

immunotherapy. Therefore, unlike in vitro or animal

experiments, it is difficult to observe the pure effect of BV

treatment in human clinical subjects. Second, the time

period from BV treatment to autopsy was different in each

case, and we examined the tissues at different time periods

after BV treatment. While it was previously suggested that

activation of macrophages and changes of expression of

IL-6, IL-9, MMP2 and MMP9 are playing an important

role in resistance to Bevacizumab [23], evaluation of these

factors was beyond the objective of our study. Despite

these limitations, this study using human clinical samples

provided us with important information about the cellular

responses to BV treatment.
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