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Abstract 

Background: Melanoma patients with metastatic growth in the meninges have poor prognosis and few treatment 
options. Although treatment with BRAF inhibitors or immune checkpoint inhibitors has provided promising results, 
most patients with advanced melanoma are resistant to these treatments and develop severe side effects. Novel 
treatment strategies are needed for patients with meningeal melanoma metastases, and the potential of antiangio‑
genic therapy was investigated in this preclinical study.

Methods: Two GFP‑transfected melanoma models (A‑07 and D‑12) differing substantially in VEGF‑A expression were 
included in the study, and the anti‑VEGF‑A antibody bevacizumab was used as therapeutic agent. Meningeal metas‑
tases were initiated in BALB/c nu/nu mice by intracranial inoculation of melanoma cells, and bevacizumab treatment 
was given twice a week in i.p. doses of 10 mg/kg until the mice became moribund. Therapeutic effects were evalu‑
ated by determining tumor host survival time, assessing tumor growth and angiogenic activity by quantitative analy‑
ses of histological preparations, and measuring the expression of angiogenesis‑related genes by quantitative PCR.

Results: Meningeal A‑07 melanomas showed higher expression of VEGF‑A than meningeal D‑12 melanomas, 
whereas the expression of ANGPT2 and IL8, two important angiogenesis drivers in melanoma, was much higher in 
D‑12 than in A‑07 tumors. Bevacizumab treatment inhibited tumor angiogenesis and prolonged host survival in mice 
with A‑07 tumors but not in mice with D‑12 tumors. Meningeal A‑07 tumors in bevacizumab‑treated mice com‑
pensated for the reduced VEGF‑A activity by up‑regulating a large number of angiogenesis‑related genes, including 
ANGPT2 and its receptors TIE1 and TIE2. Melanoma cells migrated from meningeal tumors into the cerebrum, where 
they initiated metastatic growth by vessel co‑option. In the A‑07 model, the density of cerebral micrometastases was 
higher in bevacizumab‑treated than in untreated mice, either because bevacizumab treatment increased mouse 
survival or induced increased tumor gene expression.

Conclusions: The development of antiangiogenic strategies for the treatment of meningeal melanoma metastases 
is a challenging task because the outcome of treatment will depend on the angiogenic signature of the tumor tissue, 
treatment‑induced alterations of the angiogenic signature, and the treatment sensitivity of metastatic lesions in other 
intracranial sites.

Keywords: Melanoma, Meningeal metastasis, Antiangiogenic therapy, Bevacizumab, VEGF

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat iveco 
mmons .org/licen ses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creat iveco mmons .org/publi cdoma in/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Patients diagnosed with malignant melanoma have a high 
risk of developing brain metastases [1]. Approximately 
50% of the patients with advanced-stage disease show 
brain involvement during the course of their disease, and 
this incidence has increased to ~ 75% at autopsy [2–4]. 
The prognosis of the patients with brain involvement is 
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poor, with a median overall survival of 4–6  months [2, 
5, 6]. A majority of these patients show multiple brain 
lesions and/or meningeal involvement, and these fac-
tors are associated with particularly poor prognosis [2, 
5]. While current treatment options for patients with a 
limited number of brain parenchymal lesions include sur-
gical resection and stereotactic radiosurgery, the treat-
ment options for patients with multifocal disease and 
meningeal involvement are mainly palliative and include 
whole-brain radiotherapy and chemotherapy [1, 7, 8]. 
Recently, the introduction of molecularly targeted thera-
pies and immunotherapy has given hope to patients with 
advanced melanoma [9, 10], and several trials are evalu-
ating the effect of BRAF inhibitors and immune check-
point inhibitors in patients with brain metastases [1, 11]. 
Although initial results are encouraging, a substantial 
proportion of the patients show intrinsic or acquired 
treatment resistance, and the drugs are also associated 
with severe side effects [9, 11]. Consequently, it is impor-
tant to explore further treatment strategies to improve 
the dismal prognosis of this patient group.

The high incidence of brain involvement in autopsy 
studies suggests that subclinical brain lesions are com-
mon in melanoma patients [3, 12]. With prolonged 
patient survival due to improved control of extracra-
nial disease, these subclinical lesions may be allowed 
more time to develop and grow into symptomatic brain 
metastases [13]. Brain metastases cause deteriorating 
and sometimes irreversible neurological symptoms, and 
a strategy to prevent the growth of brain metastases 
would be of great clinical benefit [13]. It is well estab-
lished that melanoma growth and progression depend 
on angiogenesis, and vascular endothelial growth factor 
A (VEGF-A) has been shown to be an important angio-
genic driver in melanoma [14]. Antiangiogenic therapy 
targeting the VEGF-A pathway has thus been suggested 
as a possible strategy to prevent melanoma relapse and 
spread after locoregional surgery, and adjuvant treat-
ment with the anti-VEGF-A antibody bevacizumab [15] 
is currently being investigated in a large multicenter ran-
domized phase 3 trial in melanoma patients with high 
risk of recurrence [16]. Furthermore, high expression of 
VEGF-A has been associated with the vascularization 
and growth of melanoma brain metastases in preclini-
cal studies [17–20], and a recent study including both 
clinical and preclinical experiments suggests that beva-
cizumab can prevent the formation of brain metastases 
in lung adenocarcinoma [21]. Antiangiogenic therapy 
targeting the VEGF-A pathway may thus represent a 
potential strategy to prevent metastasis to the brain in 
melanoma patients.

Therapeutic effects of antiangiogenic agents in mela-
noma brain metastases have been examined in a few 

preclinical studies [22–24], and these studies have pro-
vided varying results, possibly reflecting a complex 
role of angiogenesis and VEGF-A in the formation and 
growth of metastases in the brain [1]. The vasculariza-
tion of melanoma brain metastases may occur by sprout-
ing angiogenesis (i.e., the sprouting of new vessels from 
pre-existing vessels) as well as vessel co-option (i.e., the 
growth of tumor cells along pre-existing vessels without 
the formation of new vessels) [19, 23, 25, 26]. Although 
high VEGF-A expression is generally associated with 
sprouting angiogenesis [19], vessel co-option has also 
been observed in melanoma models with high VEGF-A 
expression [27], and VEGF-A has been shown to induce 
progression of experimental melanoma brain metastases 
without inducing sprouting angiogenesis [17]. Moreover, 
different VEGF-A isoforms may have differential effects 
on the development and growth of metastatic disease in 
the brain [18].

Melanomas may form metastases in multiple intra-
cranial sites, and these metastases may differ in vascu-
larization and response to antiangiogenic agents [23, 24, 
27]. Meningeal metastases show signal enhancement in 
contrast-enhanced MRI, suggesting leaky vessels and 
sprouting angiogenesis [8]. Furthermore, the level of 
VEGF-A in the cerebrospinal fluid has been shown to 
have diagnostic and prognostic value [28]. These obser-
vations suggest that meningeal lesions may be susceptible 
to antiangiogenic agents targeting the VEGF-A pathway. 
This possibility was investigated in the study reported 
in the present communication. Two preclinical models 
of meningeal melanoma metastases differing highly in 
VEGF-A expression were included in the study, and bev-
acizumab was used as therapeutic agent. Effects of treat-
ment were evaluated by assessing tumor host survival, 
analyzing tumor growth and vascularity in histological 
preparations, and measuring the expression of angiogen-
esis-related genes.

Materials and methods
Mice
Adult (8–10  weeks of age) female BALB/c nu/nu mice 
were used as host animals. The mice were bred at our 
institute and maintained under specific pathogen-free 
conditions at a temperature of 22–24 °C and a humidity 
of 30–50%. The animal experiments were approved by 
the Institutional Committee on Research Animal Care, 
Department of Comparative Medicine, Oslo Univer-
sity Hospital, Norway and the Norwegian Food Safety 
Authority, Brumunddal, Norway (Approval: FOTS ID 
10422), and were performed in accordance with the 
Interdisciplinary Principles and Guidelines for the Use 
of Animals in Research, Marketing, and Education (New 
York Academy of Sciences, New York, NY) and the EU 
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Directive 2010/63/EU for animal experiments (http://
ec.europ a.eu/envir onmen t/chemi cals/lab_anima ls/legis 
latio n_en.htm).

Cell lines
A-07 and D-12 human melanoma cells [29] constitu-
tively transfected with green fluorescence protein (GFP) 
were obtained from our frozen stock and maintained as 
mono layers in RPMI 1640 (25  mM HEPES and l-glu-
tamine) medium supplemented with 13% bovine calf 
serum, 250  µg/mL penicillin, 50  µg/mL streptomycin, 
and 700  µg/mL (A-07) or 900  µg/mL (D-12) genetecin. 
The cultures were incubated at 37  °C in a humidified 
atmosphere of 5%  CO2 in air and subcultured twice a 
week. Cells were harvested from exponentially growing 
cultures and resuspended in  Ca2+-free and  Mg2+-free 
Hanks’ balanced salt solution (HBSS) before injection 
into animals.

Anesthesia
Intracranial injection of tumor cells was carried out with 
anesthetized mice. Fentanyl citrate (Janssen Pharma-
ceutica, Beerse, Belgium), fluanisone (Janssen Pharma-
ceutica), and midazolam (Hoffmann-La Roche, Basel, 
Switzerland) were administered intraperitoneally (i.p.) 
in doses of 0.63 mg/kg, 20 mg/kg, and 10 mg/kg, respec-
tively. The body core temperature of the mice was main-
tained at 37–38 °C by using a heating pad.

Intracranial tumor cell injection
The mice were fixed in a stereotactic apparatus (Model 
900; Kopf Instruments, Tujunga, CA) for injection of 
tumor cells into the right hemisphere. The injection point 
was 2  mm anterior to the coronal and 1  mm lateral to 
the sagittal suture lines. A 100-µL Hamilton syringe with 
a 26-gauge needle was used to inject 3.0 × 103 cells sus-
pended in 6 µL of HBSS. To minimize cell reflux, the cells 
were injected slowly and the needle was left in place for 
2 min before it was retracted slowly.

Bevacizumab treatment
Bevacizumab (Avastin; Hoffman-La Roche, Basel, 
Switzerland) was dissolved in physiological saline and 
administered i.p. in doses of 10  mg/kg. Treatment with 
bevacizumab or vehicle was initiated 1 day before tumor 
cell injection, and continued twice a week until the mice 
became moribund. The mice were examined daily for 
clinical signs of tumor growth. Moribund mice were 
killed and autopsied, and the brain was removed for 
subsequent histological analysis or quantitative PCR 
of the tumor tissue. The survival time of the mice was 

calculated as the time from tumor cell injection until the 
mice became moribund and were euthanized.

Histological analysis
The brain was fixed in phosphate-buffered 4% para-
formaldehyde and embedded in paraffin. Histologi-
cal sections were cut and stained with hematoxylin 
and eosin (HE) using standard procedures or immu-
nostained by using a peroxidase-based indirect staining 
method [30]. An anti-GFP rabbit polyclonal antibody 
(Abcam, Cambridge, UK) or an anti-CD31 rabbit poly-
clonal antibody (Abcam) was used as primary antibody 
to detect melanoma cells or endothelial cells, respec-
tively. Diamino benzidine was used as chromogen, and 
counterstaining was carried out with hematoxylin. 
Microvascular density (MVD) was scored by counting 
CD31-positive vessels, and tumor angiogenic activity 
(i.e., the rate of generation of blood vessels) was calcu-
lated from the tumor cross-section, MVD, and the time 
from initiation of angiogenesis to tumor removal [31]. 
Micrometastases within the cerebral parenchyma were 
scored by counting colonies of GFP-positive tumor 
cells. Three brain sections from each mouse were sub-
jected to quantitative analysis.

Quantitative PCR
The  RT2 Profiler PCR Array Human Angiogenesis 
(PAHS-024Z; SABiosciences, Frederick, MD) was used 
for expression profiling of angiogenesis-related genes. 
Total RNA was isolated from cultured cells in exponen-
tial growth or from tumor tissue stabilized in RNAlater 
RNA Stabilization Reagent (Qiagen, Hilden, Germany). 
RNA isolation, cDNA synthesis, and real-time PCR were 
performed as described in detail previously [32]. Fold dif-
ference in gene expression was calculated by using the 
ΔΔCT-method [33]. A  CT-value of 35 (15 cycles above 
the positive PCR control) was set as detection limit. The 
array included 5 housekeeping genes [β-actin (ACTB), 
β-2-microglobulin (B2M), glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), hypoxanthine phosphoribo-
syltransferase-1 (HPRT1), and ribosomal protein lateral 
stalk subunit P0 (RPLP0)], and each  CT-value was nor-
malized to the mean  CT-value of these genes as: ΔCT = CT 
gene of interest − CT mean of housekeeping genes. Normalized gene 
expression levels were calculated from three biological 
replicates of cultured cells or from three tumors as  2−mean 

ΔCT.

Statistical analysis
The Spearman rank order test was used to search for 
correlations between parameters. Comparisons of sur-
vival curves were performed using the log-rank test. 

http://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm
http://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm
http://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm
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Comparisons of other data sets were conducted using 
the Student’s t test when the data complied with the 
conditions of normality and equal variance. Under 
other conditions, comparisons were carried out by 
non-parametric analysis using the Mann–Whitney 
rank sum test. Probability values of P < 0.05 were con-
sidered significant. Statistical analysis was performed 
using the SigmaStat statistical software (SPSS, Chi-
cago, IL).

Results
Bevacizumab treatment prolonged the survival of mice 
with meningeal A‑07 tumors
Both melanoma models developed meningeal tumors 
after intracranial tumor cell inoculation (Fig.  1a). The 
meningeal tumors induced severe clinical symptoms 
and limited the survival of the host mice. The most fre-
quent symptoms were weight loss, disconnection of 
scull sutures, destruction of scull bone, and extracranial 

Fig. 1 Tumor growth and host survival. a Histological preparations of brains from untreated and bevacizumab‑treated mice showing that A‑07 
and D‑12 cells developed meningeal tumors after intracranial cell inoculation. The day numbers indicate time after cell inoculation. b Fraction of 
surviving mice versus time after cell inoculation for untreated and bevacizumab‑treated mice with meningeal A‑07 or D‑12 tumors (N = 10 in each 
group). Bevacizumab treatment prolonged the survival of mice with A‑07 tumors but not the survival of mice with D‑12 tumors. P‑values: log‑rank 
test
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bleedings. The clinical symptoms and tumor growth pat-
tern did not differ between bevacizumab-treated and 
untreated mice in any of the models. The median survival 
of untreated mice was 16 days (A-07) and 22 days (D-12). 
Bevacizumab treatment prolonged the median survival 
of mice with A-07 tumors to 21 days (P < 0.0001; Fig. 1b), 
but did not prolong the median survival of mice with 
D-12 tumors (P = 0.38; Fig. 1b).

Bevacizumab treatment inhibited angiogenesis 
in meningeal A‑07 tumors
Meningeal A-07 and D-12 tumors showed substantial 
angiogenic activity. CD31-stained histological prepara-
tions revealed highly vascularized tumors with enlarged 
and irregular blood vessels in both models, regardless of 
whether the tumors were treated with bevacizumab or 
not (Fig. 2a). MVD did not differ between bevacizumab-
treated and untreated tumors in any of the models 
[P = 0.19 (A-07) and P = 0.16 (D-12); Fig. 2b]. The angio-
genic activity was lower in bevacizumab-treated than in 
untreated tumors in the A-07 (P = 0.032) but not in the 
D-12 (P = 0.20) model (Fig.  2b), implying that bevaci-
zumab inhibited angiogenesis in meningeal A-07 tumors 
but not in meningeal D-12 tumors.

Bevacizumab‑treated meningeal A‑07 tumors showed 
increased cerebral invasion
Multiple colonies of GFP-positive tumor cells were 
observed within the cerebral parenchyma of mice with 
meningeal tumors of both models (Fig. 3a). Most of these 
micrometastases were located close to the meningeal 
border, and evaluation of GFP-stained, HE-stained, and 
CD31-stained adjacent histological preparations revealed 
that the micrometastases grew around and along cerebral 
blood vessels (Fig. 3b). These vessels had a normal mor-
phology, suggesting vessel co-option rather than sprout-
ing angiogenesis.

Examination of GFP-stained histological sections 
from mice with A-07 tumors revealed that the density 
of micrometastases was higher in bevacizumab-treated 
than in untreated mice, and furthermore, the density 
and size of the micrometastases increased with the sur-
vival time of the host mouse. This is illustrated in Fig. 3a, 
showing the meningeal border of an untreated mouse 
with a survival time of 16 days and bevacizumab-treated 
mice with survival times of 18, 23, and 27 days. Further-
more, the border between the meningeal tumor and the 
cerebral parenchyma appeared increasingly more diffuse 
with increasing mouse survival, suggesting continuous 
cerebral invasion of melanoma cells (Fig.  3a). Quantita-
tive analysis confirmed that the density of micrometasta-
ses was higher in bevacizumab-treated than in untreated 
A-07 mice (P = 0.0050; Fig. 3c), and moreover, there was a 

strong positive correlation between the density of micro-
metastases and host survival time (P < 0.0001; Fig. 3c).

The morphological appearance of the micrometas-
tases from D-12 meningeal tumors was similar to that 
of the A-07 micrometastases. However, the density of 
micrometastases was not significantly different in bev-
acizumab-treated and untreated D-12 mice (P = 0.15; 
Fig. 3c). Moreover, there was no correlation between the 
density of micrometastases and the survival time of the 
host mouse (P > 0.05; Fig. 3c).

Angiogenesis was driven by different pathways 
in meningeal A‑07 and D‑12 tumors
To search for possible explanations of the differential 
responses to bevacizumab treatment of A-07 and D-12 
tumors, the expression of angiogenesis-related genes 
in cultured cells and meningeal tumors was assessed by 
quantitative PCR. The expression of VEGF-A, the tar-
get of bevacizumab, was significantly higher in the A-07 
model than in the D-12 model, both in cell cultures and 
meningeal tumors (P < 0.0001 and P = 0.0014, respec-
tively; Fig. 4a). Of the 84 genes included in the PCR array, 
as much as 38% (cells) and 42% (tumors) showed more 
than fivefold higher expression in the D-12 model than 
in the A-07 model (Fig. 4b). On the other hand, only 11% 
(cells) and 5% (tumors) of the genes showed more than 
fivefold higher expression in the A-07 model than in 
the D-12 model (Fig. 4b). The expression of the specific 
genes showing expression levels differing by a factor of 
more than 5 between meningeal A-07 and D-12 tumors 
is presented in Fig. 4c. Interestingly, the genes encoding 
angiopoietin-2 (ANGPT2) and interleukin-8 (IL8), two 
well known drivers of angiogenesis in melanoma, showed 
substantially higher expression (416-fold and 24-fold, 
respectively) in D-12 tumors than in A-07 tumors.

Bevacizumab‑treated meningeal A‑07 tumors showed 
increased expression of angiogenesis‑related genes
To investigate whether bevacizumab treatment induced 
changes in the angiogenic profile of meningeal tumors, 
tumor tissue from bevacizumab-treated and untreated 
mice was subjected to quantitative PCR. In A-07 tumors, 
17 of the 84 genes (20%) showed a significant and more 
than twofold increase in expression after bevacizumab 
treatment (Fig.  5). These genes included ANGPT2 and 
its receptors TIE1 and TIE2, the matrix metalloproteases 
MMP9 and MMP14, and the genes encoding the two 
subunits of integrin αvβ3 (ITGAV and ITGB3). In con-
trast, the expression levels in bevacizumab-treated and 
untreated D-12 tumors were not significantly different 
for any of the genes included in the analysis (Fig. 5).



Page 6 of 12Simonsen et al. J Transl Med           (2020) 18:13 

Discussion
The present study showed that bevacizumab treatment 
prolonged the survival of mice bearing meningeal A-07 
tumors, most likely because bevacizumab reduced the 
angiogenic activity and growth rate of the tumor tissue. 
These observations are in accordance with previous stud-
ies of intradermal A-07 tumors, having revealed a close 

link between angiogenic activity and tumor growth rate 
[29], reduced angiogenesis after treatment with an anti-
VEGF-A antibody [34], and reduced growth rate and 
vessel density after treatment with sunitinib, a tyrosine 
kinase inhibitor targeting the VEGF receptors (VEGFR) 
[35]. Moreover, our A-07 data are in agreement with clin-
ical data suggesting that meningeal melanoma lesions are 

Fig. 2 Microvascular density and angiogenic activity. a CD31‑stained histological preparations of untreated and bevacizumab‑treated meningeal 
A‑07 and D‑12 tumors illustrating that the tumors were vascularized by abnormal vessels. b Microvascular density (MVD) and angiogenic activity in 
untreated and bevacizumab‑treated meningeal A‑07 and D‑12 tumors. Bevacizumab treatment did not reduce MVD in any of the models, whereas 
angiogenic activity was reduced in bevacizumab‑treated A‑07 tumors but not in bevacizumab‑treated D‑12 tumors. Columns: mean of 5 tumors. 
Bars: standard error. P‑values: one‑sided t‑test
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Fig. 3 Invasion of meningeal tumors into the cerebrum. a GFP‑stained histological preparations of the meningeal‑cerebral border in untreated 
and bevacizumab‑treated mice showing that A‑07 and D‑12 meningeal tumors invaded the cerebral parenchyma and developed micrometastases. 
b Adjacent GFP‑stained, HE‑stained, and CD31‑stained histological preparations showing two cerebral A‑07 micrometastases (arrows) supplied 
by a central co‑opted vessel. c The density of A‑07 cerebral micrometastases was higher in bevacizumab‑treated mice than in untreated 
mice and correlated with host survival time, whereas the density of D‑12 cerebral micrometastases did not differ between untreated and 
bevacizumab‑treated mice and was independent of host survival time. Columns: mean of 5 tumors. Bars: standard error. Points: individual mice. 
Curve: linear regression. P‑values: two‑sided t‑test (left panel) or Spearman rank order test (middle panel)
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susceptible to antiangiogenic therapy [8, 28], and with a 
preclinical study showing prolonged survival of mice with 
leptomeningeal metastases treated with the endogenous 
angiogenesis inhibitor angiostatin [24].

Although the survival of mice with meningeal A-07 
tumors was prolonged after bevacizumab treatment, 
the treatment was not sufficient to block tumor-
induced angiogenesis. We cannot exclude the possibil-
ity that the angiogenic activity of bevacizumab-treated 
meningeal tumors was a result of continued VEGF-A 

activity. Because bevacizumab is specific for human 
VEGF-A, any contribution from stromal-derived 
VEGF-A would not have been inhibited by bevaci-
zumab [15]. Moreover, the bevacizumab dose may 
not have been sufficiently high to neutralize all tumor 
cell-derived VEGF-A. Low doses are however more 
clinically relevant in a preventive setting due to long 
treatment periods, and Ilhan-Mutlu et  al. [21] have 
demonstrated prevention of brain metastasis forma-
tion in a lung adenocarcinoma xenograft model using a 

Fig. 4 Expression of angiogenesis‑related genes. a The expression of VEGF‑A was higher in the A‑07 model than in the D‑12 model, both in 
cultured cells and meningeal tumors. b The expression of 84 angiogenesis‑related genes in the D‑12 model versus that in the A‑07 model in 
cultured cells and meningeal tumors. The lines indicate a fivefold difference in expression level. Of the 84 genes, 38% (cells) and 42% (tumors) 
showed more than fivefold higher expression in the D‑12 model than in the A‑07 model (red symbols), whereas 11% (cells) and 5% (tumors) 
showed more than fivefold higher expression in the A‑07 model than in the D‑12 model (green symbols). c The expression of the specific genes 
showing expression levels differing by a factor of more than 5 between meningeal A‑07 and D‑12 tumors. Gene expression was measured with 
quantitative PCR and normalized to the expression of 5 housekeeping genes. Columns and points: mean of 3 cell cultures or tumors. Bars: standard 
error. P‑values: two‑sided t‑test
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substantially lower dose of bevacizumab than that used 
in our study (2.5 versus 10 mg/kg).

Despite a possible contribution from residual VEGF-
A activity, it is more likely that other angiogenic 
factors contributed to the sustained angiogenesis of bev-
acizumab-treated meningeal A-07 tumors. In addition to 
VEGF-A, the angiogenesis of intradermal A-07 tumors 
has been shown to depend on multiple angiogenic fac-
tors, including IL8, basic fibroblast growth factor, and 
platelet-derived endothelial cell growth factor [34]. The 
meningeal A-07 tumors expressed a large number of 
angiogenesis-related genes, including the genes encod-
ing these factors. Furthermore, several angiogenesis-
related genes, including ANGPT2 and its receptors TIE1 
and TIE2, were up-regulated after bevacizumab-treat-
ment. Next to the VEGF/VEGFR pathway, the ANGPT/
TIE pathway is the most important angiogenic pathway 
in melanoma [14]. Thus, bevacizumab-treated menin-
geal tumors compensated for the loss of VEGF-A activ-
ity by up-regulating other angiogenesis-related genes 
and activating other angiogenic pathways. Consequently, 
combined inhibition of multiple angiogenic stimulators 
may be necessary to prevent angiogenesis in meningeal 
metastases even from VEGF-A-dependent melanomas 
like A-07.

In contrast to meningeal A-07 tumors, meningeal D-12 
tumors did not show inhibited angiogenesis and growth 
rate after bevacizumab treatment. It is likely that this 

difference was a consequence of the differing angiogenic 
signature of the two melanoma models. Compared with 
A-07 tumors, D-12 tumors showed low expression of 
VEGF-A, but high expression of a large number of other 
angiogenic stimulators, including IL8, ANGPT2, uroki-
nase plasminogen activator (PLAU), MMP9, and platelet-
derived growth factor A (PDGFA). These factors have 
been recognized as important drivers of melanoma angi-
ogenesis [14], and may have contributed to the bevaci-
zumab-resistant angiogenesis of meningeal D-12 tumors. 
Interestingly, previous studies have revealed that IL8 and 
ANGPT2 play important roles in the angiogenesis and 
spontaneous pulmonary metastasis of intradermal D-12 
tumors [34, 36].

Importantly, intradermal D-12 tumors have also been 
shown to be sensitive to anti-VEGF-A treatment, since 
tumor angiogenesis and the development of pulmonary 
metastases were reduced significantly in tumor-bearing 
mice treated with a neutralizing antibody against VEGF-
A [34]. The present study taken together with that study 
suggests that the susceptibility of melanoma metastases 
to VEGF-A-targeting treatments may differ among meta-
static sites. Consequently, efficient antiangiogenic treat-
ment of melanoma patients with metastatic growth in 
more than a single organ may require the use of inhibi-
tors of multiple angiogenic pathways.

Tumor cells of both melanoma models were 
seen to migrate from meningeal tumors into the 

Fig. 5 Changes in the expression of angiogenesis‑related genes after bevacizumab treatment. The expression of 84 angiogenesis‑related genes 
in bevacizumab‑treated versus that in untreated meningeal A‑07 and D‑12 tumors. The lines indicate a twofold difference in expression level. Of 
the 84 genes, 17 (20%) showed a significant and more than twofold higher expression in bevacizumab‑treated than in untreated A‑07 tumors 
(red symbols), whereas none of the 84 genes showed expression levels that were significantly different in bevacizumab‑treated and untreated 
D‑12 tumors. Gene expression was measured with quantitative PCR and normalized to the expression of 5 housekeeping genes. Points: mean of 3 
tumors. Bars: standard error
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cerebral parenchyma where they formed micrometas-
tases. Whereas the growth of the meningeal metastases 
depended on sprouting angiogenesis, the growth of the 
cerebral metastases depended on vessel co-option. This 
difference in vascularization was probably a consequence 
of differences between meningeal and cerebral blood ves-
sel in their susceptibility to angiogenic factors secreted by 
melanoma cells [27, 37].

The growth of meningeal A-07 metastases was inhib-
ited by bevacizumab treatment but not the growth of cer-
ebral A-07 metastases, probably because of the distinctly 
different mode of vascularization. Vessel co-option has 
also been seen previously to infer resistance to antian-
giogenic therapy in preclinical models of melanoma brain 
metastases [22, 23]. Kienast et al. [23] used a cranial win-
dow chamber model to show that bevacizumab inhib-
ited angiogenesis and induced dormancy of metastases 
established from lung carcinoma cells but had no effect 
on melanoma metastases showing a co-optive growth 
pattern. Moreover, Leenders et  al. [22] established cer-
ebral melanoma metastases in mice by intracarotid artery 
injection of tumor cells and showed that antiangiogenic 
therapy with a VEGF targeting agent resulted in sus-
tained tumor progression via vessel co-option.

In the present study, bevacizumab appeared to pro-
mote cerebral invasion of meningeal A-07 cells and 
increase the development of micrometastases rather than 
inhibit metastatic growth in the cerebral parenchyma. 
The brains were removed for histological examination 
when the host mice were moribund, and the observed 
increase in cerebral invasion and metastatic growth was 
most likely a consequence of the increased survival time 
of bevacizumab-treated mice, allowing the micrometas-
tases more time to develop in treated than in untreated 
mice. This suggestion is supported by the observation 
that the density of micrometastases correlated strongly 
with mouse survival time. Furthermore, the size of the 
micrometastases appeared to increase with the density of 
cerebral lesions.

However, there is evidence that antiangiogenic ther-
apy can increase the invasive and metastatic potential of 
tumor cells [38, 39]. The bevacizumab-treated menin-
geal A-07 tumors showed increased expression of a large 
number of genes, including MMP9, MMP14, and those 
encoding the two subunits of integrin αvβ3. MMPs are 
proteolytic enzymes that degrade some components of 
the extracellular matrix, whereas integrins mediate cell–
cell and cell-extracellular matrix interactions, and both 
protein families are associated with cancer-cell inva-
sion and metastasis [40, 41]. MMP9 has been shown 
to enhance the invasiveness of A-07 cells in  vitro [42] 
and to facilitate the migration of leukocytes across the 

membrane separating pia mater from the cerebral cor-
tex [43]. We can therefore not exclude that bevacizumab 
treatment increased the cerebral invasion of menin-
geal A-07 tumors by up-regulating genes promoting 
tumor cell migration, a possibility that warrants further 
investigations.

While the prognosis of patients diagnosed with mela-
noma brain metastases remains poor, the incidence is 
expected to increase both as a result of a general increase 
in melanoma incidence and as a result of prolonged 
patient survival due to improved control of extracra-
nial disease [44]. Novel strategies for the treatment of 
melanoma patients with brain involvement are therefore 
highly warranted. A great advantage of antiangiogenic 
drugs such as bevacizumab is that they target endothe-
lial cells and can exert their effect without crossing the 
blood–brain barrier [21]. However, despite the impor-
tant role of angiogenesis in melanoma progression and 
metastasis, the data reported here suggest that the devel-
opment of antiangiogenic strategies for the treatment of 
melanoma brain metastases may be highly challenging as 
the outcome of treatment may depend on the intracranial 
site of metastatic growth as well as the angiogenic signa-
ture of the melanoma cells and the extent of treatment-
induced changes in this signature.

Conclusions
Bevacizumab treatment inhibited tumor angiogenesis 
and prolonged tumor host survival in mice with menin-
geal A-07 tumors, but had no effect on the angiogenic 
activity of meningeal D-12 tumors. Meningeal A-07 
tumors compensated for reduced VEGF-A-mediated 
angiogenic activity by up-regulating the expression of 
a large number of other angiogenesis-related genes, 
including genes governing the ANGPT/TIE pathway. 
Melanoma cells migrated from meningeal tumors into 
the cerebral parenchyma and formed micrometastases 
vascularized by vessel co-option, and in the A-07 model, 
bevacizumab-treated mice developed more and larger 
cerebral micrometastases than untreated mice. These dis-
coveries suggest that antiangiogenic therapy may have the 
potential to inhibit the growth of meningeal melanoma 
metastases, but emphasize the need to target multiple 
angiogenic pathways and to individualize the treatment 
based on the angiogenic signature of the tumor tissue. 
Furthermore, antiangiogenic therapy cannot be expected 
to improve the outcome of meningeal melanoma metas-
tases without being combined with therapeutic strategies 
for preventing tumor cell migration, vessel co-option, 
and metastatic growth in the cerebral parenchyma.
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