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Abstract 

Background.  Brain metastases (BM) constitute an increasing challenge in oncology due to their impact on neu-

rological function, limited treatment options, and poor prognosis. BM occurs through extravasation of circulating 

tumor cells across the blood-brain barrier. However, the extravasation processes are still poorly understood. We 

here propose a brain colonization process which mimics infarction-like microenvironmental reactions, that are de-

pendent on Angiopoietin-2 (Ang-2) and vascular endothelial growth factor (VEGF). 

Methods.  In this study, intracardiac BM models were used, and cerebral blood microcirculation was monitored by 

2-photon microscopy through a cranial window. BM formation was observed using cranial magnetic resonance, 

bioluminescent imaging, and postmortem autopsy. Ang-2/VEGF targeting strategies and Ang-2 gain-of-function 

(GOF) mice were employed to interfere with BM formation. In addition, vascular and stromal factors as well as 

clinical outcomes were analyzed in BM patients.

Results.  Blood vessel occlusions by cancer cells were detected, accompanied by significant disturbances of cere-

bral blood microcirculation, and focal stroke-like histological signs. Cerebral endothelial cells showed an elevated 

Ang-2 expression both in mouse and human BM. Ang-2 GOF resulted in an increased BM burden. Combined anti-

Ang-2/anti-VEGF therapy led to a decrease in brain metastasis size and number. Ang-2 expression in tumor vessels 

of established human BM negatively correlated with survival.

Conclusions.  Our observations revealed a relationship between disturbance of cerebral blood microcirculation 

and brain metastasis formation. This suggests that vessel occlusion by tumor cells facilitates brain metastatic ex-

travasation and seeding, while combined inhibition of microenvironmental effects of Ang-2 and VEGF prevents the 

outgrowth of macrometastases.

Key Points

• Brain metastasis extravasation is facilitated by alterations in cerebral blood 
microcirculation, Ang-2, and VEGF.

• Combined inhibition of microenvironmental effects of Ang-2 and VEGF prevents the 
outgrowth of macrometastases in the brain.

Disturbance in cerebral blood microcirculation and 

hypoxic-ischemic microenvironment are associated 

with the development of brain metastasis  
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Brain metastases (BM) develop in approximately 20% of all 

patients suffering from cancer, with the highest incidence 

in those with lung carcinoma, melanoma, renal, breast, 

and colorectal carcinoma.1,2 Despite continuous advance-

ments in cancer treatment, brain metastasis substantially 

contributes to poor patient prognosis as it is still associ-

ated with high morbidity and mortality.3 Crucial steps in 

the early brain metastatic cascade include the transmigra-

tion of circulating tumor cells across the blood-brain bar-

rier (BBB), seeding, and colonization in the perivascular 

pre-metastatic niche.4–7 The perivascular niche may pro-

vide oxygen, nutrients, and attachment to invading cancer 

cells, further promoting the initiation and progression of 

BM.8,9 Real-time imaging has demonstrated that cancer 

cells invading the brain parenchyma seed in the perivas-

cular niche in close contact with capillary endothelial cells 

and adhere to the abluminal side of microvessels after ex-

travasation.6 Lung and breast carcinoma, as well as mela-

noma cells, have been shown to exploit preexisting brain 

microvessels as main tracks for cancer cell invasion and 

metastasis outgrowth.6,7

Transmigration of cancer cells through endothelial bar-

riers is a crucial event in BM formation. Therefore, angio-

genic factors such as Angiopoietin-2 (Ang-2) and vascular 

endothelial growth factor (VEGF) have previously been 

studied. Both mediators are involved in the angiogenic 

switch at the early time points of the brain metastatic cas-

cade10,11 and may contribute to tumor cell proliferation and 

metastasis formation in the perivascular pre-metastatic 

niche.5,12,13 Indeed, upregulation of both, Ang-2 in capil-

lary endothelial cells and VEGF in tumor cells, can activate 

the brain microvasculature, leading to BBB impairment 

that further promotes the transmigration of cancer cells 

through the vascular wall to seed and colonize in the peri-

vascular pre-metastatic niche in the brain.5,13 These micro-

environmental processes are likely to occur in the context 

of hypoxia, which may trigger overexpression of Ang-2 

and VEGF. This further contributes to the modulation of the 

local perivascular microenvironment generating a sup-

porting milieu, designated as the pre-metastatic niche.14–17 

Moreover, there is evidence that increased expression of 

Ang-2 in endothelial cells of co-opted blood vessels facili-

tates vascular destabilization and regression, leading to 

hypoxia-induced upregulation of Ang-2, VEGF, and sub-

sequent induction of angiogenesis at the tumor margin.12 

Several preclinical studies have demonstrated that ther-

apeutic targeting of Ang-2 and/or VEGF can slow tumor 

growth and reduce tumor angiogenesis. This includes inhi-

bition of the Ang-2-Tie-2 and/or VEGF signaling pathway by 

antibodies and peptide-Fc fusion proteins,15–21 or bispecific 

antibody-associated blockage of Ang-2 and VEGF.22

Brain tumor angiogenesis is well studied, however, early 

steps in the brain metastatic cascade are only partly un-

derstood. Kienast and coworkers described the impor-

tance of intraluminal cancer cell arrest as a crucial step for 

brain colonization.6 Later, Follain and coworkers studied 

hemodynamic forces as regulators of circulating cancer 

cell arrest, adhesion, and cancer cell extravasation.23 

Furthermore, local blood coagulation has been described 

as a driver of cancer cell arrest and brain metastasis forma-

tion.23,24 Recently, Karreman and coworkers described an 

active remodeling process of the capillary endothelium as 

a promoter of cerebral metastatic colonization.25

In this study, we investigated early microenvironmental 

changes in the pre-metastatic niche in the brain. We moni-

tored cerebral blood microcirculation through a cranial 

window using intravital 2-photon microscopy and inves-

tigated vascular permeability factors including Ang-2 in 

brain microvessels in vivo and measured the impact 

on transendothelial electrical resistance (TEER) in vitro. 

Moreover, we assessed VEGF expression in tumor cells in 

vitro, and further investigated whether these processes are 

more likely to occur in a hypoxic environment. In an Ang-2 

gain-of-function (GOF) BM model we show an increased 

BM burden. Assuming that an increased Ang-2 and VEGF 

expression may change the local perivascular microenvi-

ronment towards a supporting pre-metastatic environment 

at the early stages of the metastatic cascade, we further 

tested whether combined treatment with AMG 38626 (a 

peptibody binding to angiopoietin-1 and angiopoietin-2) 

and aflibercept27,28 (a fusion protein containing domains 

of VEGFR1 and VEGFR2, thereby acting as “VEGF Trap”) at 

early stages may inhibit melanoma and breast carcinoma 

BM formation.

Materials and Methods

Tissue Microarrays

Formalin-fixed, paraffin-embedded (FFPE) tissue blocks 

from 191 brain metastasis patients were retrieved from the 

UCT tumor bank, Goethe-University, Frankfurt am Main, 

Germany. All studies on human brain tumor tissue were 

approved by the Institutional Review Board of the Ethical 

Committee at the University Hospital Frankfurt (project 

number: G 04/09, SNO-02-2017). For extended clinical data 

please see Supplementary Table 1.

Importance of the Study

Despite recent advances in the understanding of brain 
colonization processes of cancer cells in the brain, the 
complex interplay between cancer and microenviron-
mental cells is poorly understood. Here, we demonstrate 
an Ang-2-dependent relationship of focal stroke-like 
cellular mechanisms which might facilitate cancer cell 

extravasation into the brain. This opens a new perspec-
tive on the biological processes of cancer cell extrava-
sation in the brain, but also on treatment options, as the 
outgrowth of macrometastases was successfully inhib-
ited by combined treatment targeting Ang-2 and VEGF.
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Animal care and handling

Six- to eight-week-old female athymic nude mice 

(Crl:NU(NCr)-Foxn1nu) were used and purchased from 

Charles River Laboratories (USA). Animals were housed 

under standard specific-pathogen-free conditions in a 

temperature-, humidity- and light-cycle-controlled fa-

cility (22 ± 2°C; 50% ± 10%; 12 hours light/dark cycle) with 

free access to food and water. The Ang-2 GOF mouse line 

comprising a Tie1 tTA driver and a TetOS human Ang-2 

responder transgene were generated as described previ-

ously.20,29 For intravital 2-photon microscopy, NOD-SCID 

gamma (NSG, at least 10 weeks old) mice were used. All 

experiments were strictly conducted in accordance with 

the German Protection of Animals Act and in compliance 

with the recommendations in the Guide for Care and Use 

of Laboratory Animals of the National Institutes of Health 

(approval numbers FK/ 1085; 35-9185.81/G-220/16 and 

35-9185.81/G-273/19; supplementary methods).

Generation of Experimental Brain Metastasis and 
Treatment Regime

All in vivo experiments were performed using H1_DL2 

or JIMT-1 brain-homing cells. Six- to eight-week-old fe-

male athymic FoxN1 nude mice (Crl:NU(NCr)-Foxn1nu) 

were used for the experiments. To generate BM, 1 × 105 

H1_DL2 or JIMT-1 brain-homing tumor cells were injected 

into the left cardiac ventricle, as previously described30,31 

(Supplementary Methods). For immunohistochemistry, 

formalin-fixed and paraffin-embedded tissue collected 

from our earlier experimental studies was used.32,33 Three 

anti-angiogenic treatment regimens were commenced 

24 hours before intracardiac (i.c.) tumor cell injection, in-

cluding subcutaneous (s.c.) administration of AMG 386 

(5.6 µg/g body weight) or aflibercept (25 µg/g body weight) 

alone,19,27 or AMG 386 + aflibercept (A + A, 5.6 µg/g body 

weight + 25 µg/g body weight). Subcutaneous adminis-

tration of anti-angiogenic agents at the indicated dosages 

was repeated on day 5 after i.c. tumor cell injection, and 

subsequently twice a week until the endpoint was reached. 

Animals in the respective control groups received s.c. in-

jections of PBS at the indicated time points as stated above. 

Syngeneic Ang-2 GOF experiments were performed by 

intracardiac injection of 50 000 99LN murine breast cancer 

cells.34

MR Imaging, Bioluminescent Imaging, and BM 
quantification

BM progression of JIMT-1 and H1_DL2 cells was moni-

tored by MRI measurements (JIMT-1: JR, XJ, LS 2 and 4 

weeks after i.c. injection of tumor cells; H1_DL2: SNA, FAT 

4 weeks after i.c. injection of tumor cells). MR imaging 

was performed using a 7 Tesla Small Animal MR Scanner 

(PharmaScan, Bruker, Ettlingen, Germany) equipped 

with a 72 mm quadrature transmit coil and a 4 channels 

mouse brain array receive coil. The development of 99LN 

brain metastasis was monitored by MRI at time points 28 

days post injection (p.i.), 35 days p.i. and 42 days p.i.. For 

more information on MR Imaging parameters please see 

Supplementary Methods.

Images were exported as Dicom files and analyzed using 

ITK-SNAP software (Version 3.6.0).31 All metastases recog-

nized at the 11–12 images for each brain were marked and 

differentially labeled. Metastases volume in mm3 was cal-

culated automatically by the software.

For bioluminescent imaging, tumor-bearing mice were 

injected intraperitoneally with luciferin (1.5 mg/mL) 2 

weeks post intracardiac injection. Mice were anesthetized 

and imaged using a IVIS Lumina II charge-coupled de-

vice imaging system (Caliper, Perkin-Elmer). Regions of 

interest were defined as “whole body,” “brain,” “spinal” 

and “femur.” Statistical analysis was performed using a 

Student’s t-test.

Blood Velocity Measurement and 2-Photon 
Microscopy

Inhouse-bred, female NOD-scid IL2rgnull mice (NSG) 

older than 8 weeks were anesthetized with ketamine/

xylazine, and cranial window implantation was performed 

as described previously.6 Minimum of 3 weeks following 

surgery, 500 000 JIMT-1 Br tumor cells, suspended in 

phosphate-buffered saline (PBS), were directly injected 

into the left ventricle of the NSG mice.

Multiphoton Laser Scanning Microscopy (MPLSM) im-

aging was performed 1 day after heart injection with tumor 

cells. Mice were scanned for cancer cells arrested in the 

vasculature on day 1 or day 1 through 12, respectively. For 

details please see Supplementary Methods.

Tissue Preparation and Immunostaining

FFPE human tissue microarrays (TMAs) and metastatic 

mouse brain samples were cut into 3 µm thin sections 

on a microtome (Leica Microsystems, Nussloch GmbH, 

Nussloch, Germany) and further processed for hematox-

ylin and eosin (H&E) and IHC stainings. Details of used 

primary antibodies and staining procedure are depicted in 

Supplementary Methods section.

Cell Viability and Toxicity Assays

For assessment of potential anti-proliferative and toxic ef-

fects of AMG 386 and aflibercept on human brain metastatic 

tumor cells in vitro, we conducted the crystal violet assay 

and 3- (4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) reduction assay. Details of H1_DL2 and 

JIMT-1 experiments are depicted in Supplementary 

Methods section.

Real-Time Quantitative PCR, Hypoxia 
Experiments.

Data analysis of microvessel isolation of stroke experiments 

were conducted as described by Spitzer et al.35,36 Total RNA 

was extracted according to the protocol of the RNeasy Mini 

Kit (Qiagen, Hilden, Germany) from 3, 6, and 12 hours after 
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induction of hypoxia. Hypoxia was induced with Gas Pak 

pouches (Becton- Dickinson, Heidelberg, Germany). The real-

time quantitative PCR was performed with primers against 

VEGF and the housekeeping gene Ribosomal protein lateral 

stalk subunit P0 (Rplp0; Supplementary Methods).

Transendothelial Electrical Resistance

TEER measurements were performed as previously de-

scribed.29 Details are depicted in the Supplementary 

Methods section.

Statistical Analysis

Data are represented as histogram bars or dot plots with 

underlying bar graphs showing mean ± SEM (standard 

error of the mean). The statistical details for each experi-

ment can be found in the figure legend (including sample 

size, statistical test, and P-values). A P-value < .05 was con-

sidered statistically significant. Quantitative and statistical 

analyses were performed using GraphPad Prism 9 soft-

ware (GraphPad Software, Inc), JMP software (SAS) as well 

as R Statistical Software (v4.2.3).

Results

Cancer Cell Vessel Occlusion Leads to Alterations 
of Cerebral Blood Microcirculation and Focal 
Infarction-Like Microenvironmental Reactions in 
the Pre-metastatic Niche

We hypothesized that microvascular cancer cell occlusion 

and therefore focal alterations of cerebral blood circulation 

lead to hypoxic and ischemic events. We monitored cancer 

cell extravasation into the brain using MPLSM of H1 and 

JIMT-1 cancer cells. Both cell lines showed intravascular 

cell arrest in brain microvessels before extravasation and 

micrometastases formation (Figure 1A). Arrested cancer 

cell thrombi are formed by 1 or 2 cancer cells, based on the 

volume of arrested intravascular cancer cells measured by 

MPLSM and comparing this to the volume of single cells iden-

tified by correlative MPLSM and electron microscopy (Figure 

1B). We investigated tissue specimens from intracardially 

injected H1_DL2 or PBS in immune-compromised mice fol-

lowed by histopathological analysis 24 hours, 1 and 2 weeks 

post intracardiac injection (Figure 1C)32,33 (scheme of this ex-

perimental setup is illustrated in Supplementary Figure 1A). 

Importantly, histopathological analysis 24 hours post-tumor 

cell injection revealed focal microinfarctions in the brain pa-

renchyma with obvious eosinophilic neurons as signs of 

early hypoxic damage (Figure 1C). Furthermore, we observed 

cancer cells occluding blood vessels accompanied by clot 

formation close to the microinfarctions (Figure 1C). A map of 

24-hour microinfarctions and overlay with later tumor coloni-

zation (Supplementary Figure 1B) revealed a partial overlay 

of ischemic regions and later metastatic foci, suggesting that 

early colonization of brain metastatic cells might be associ-

ated with an early hypoxic microenvironment. Cancer cell 

vessel occlusions might therefore be associated with severe 

alterations of red blood cell microcirculation in the brain. 

We therefore performed 2-photon microscopy through a 

cranial window which enabled us to measure blood cell ve-

locity during early brain colonization (Figure 1D-G).25 We 

saw that JIMT-1 tumor cells, which expressed a fluorescent 

protein occluded brain microvessels, leading to a signifi-

cant reduction of red blood cell flow in the brain (Figure 1F, 

G and Supplementary Video 1), explaining focal hypoxia and 

ischemia.

Early Brain Colonization Focally Mimics 
Infarction-Like Lesions With Upregulation of 
hypoxia-Induced Ang-2 and VEGF

We hypothesized that microvascular cancer cell occlusion 

and therefore focal alterations of cerebral blood circulation 

lead to hypoxia and subsequent upregulation of endothe-

lial Ang-2 expression which then supports BM formation. 

During the observation period between day 1 and day 14, 

we found Ang-2-expressing vessels close to brain-invading 

melanoma cells (Figure 2A). In the next step, we investi-

gated Ang-2 expression in striatal microvessels after cancer 

cell injection. Compared to control animals (intracardiac 

PBS injection), mice injected with tumor cells exhibited a 

prominent expression of Ang-2 indicated by an increased 

number of Ang-2 expressing brain microvessels 24 hours 

post-injection that continuously increased from days 1 to 14 

(Figure 2B). Moreover, exposing metastatic tumor cells to hy-

poxic conditions in vitro resulted in a steady increase in VEGF 

mRNA levels over time (Figure 2C). In line with these in vitro 

experiments, we found that besides Ang-2 expressing en-

dothelial cells, brain metastatic human cancer cells in the pre-

metastatic niche strongly expressed lactate dehydrogenase A 

(LDHA; Figure 2D), a surrogate enzyme for a metabolic defi-

ciency state.33

As we observed similarities in the microenvironmental 

reactions (infarction-like reaction) between early brain col-

onization and stroke, we analyzed cells isolated from the 

neurovascular unit from our recently published stroke 

models for Ang-2, VEGF, and MMP9 expression (Figure 

2E).35,36 MMP9 has recently been shown by Karreman et 

al. as being a crucial factor, secreted by cancer cells within 

a complex extravasation process during brain metastasis 

formation.25 We found all three transcripts upregulated in 

isolated endothelial cells in the early stroke as compared 

to the contralateral side (Figure 2E). Ang-2 transcripts 

were significantly upregulated between stroke and normal 

contralateral endothelial cells (Figure 2E). Taken together, 

these findings strongly suggest that microenvironmental 

changes in early brain metastasis formation might mimic 

infarction-like microenvironmental reactions. A hypoxic 

brain microenvironment might promote cancer cell coloni-

zation and BM microformation in the pre-metastatic niche 

by stimulation of Ang-2 and VEGF expression.

Endothelial Ang-2 GOF Leads to Increased 
Cancer Cell Extravasation and Increased Brain 
Metastatic Burden

The upregulation of Ang-2 in a potentially hypoxic pre-

metastatic niche suggests a crucial role for Ang-2 in the 
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mice (scale bar 50 µm). (B) Percentage of Ang-2 expressing brain microvessels of the striatum in animals with intracardiac inoculation of PBS or 
H1_DL2 melanoma cells. (C) VEGF gene expression in JIMT-1 cancer cells in response to normoxia or hypoxia (** P < .01 and ns P > .05 by 2-tailed, 
unpaired t-test). (D) Lactate dehydrogenase A (LDHA) protein expression in metastasizing human cancer cells adherent to Ang-2 expressing 
brain microvessels in the perivascular pre-metastatic niche of a human brain metastasis (left panel scale bar 100 µm, right panel 200 µm). (E) 
Transcript reads obtained from NVU transcriptome profiling for Mmp9, Angpt2, and Vegf in endothelial cells (c, contralateral; s, stroke; n = 6, 3–4 
mice per preparartion) [31,32]. ****P < .0001 and ns, not significant determined by DESeq2 with Benjamin-Hochberg correction.
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and stop positions, respectively. Iterative scanning produces a time–space plot (E, bottom) where the angle of the streaks formed by moving red 
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significant (ns) P > .05. *Indicates 2-tailed, unpaired t-test with Welch’s correction when variances were significantly different based on F-test.
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early brain colonization of cancer cells. Therefore, we 

investigated 99LN cancer cell colonization in the brain 

using transgenic Ang-2 GOF mice (Figure 3A). We moni-

tored early brain colonization by termination of animals 

after 24 hours post intracardiac injection. Using vibratome 

sections, we were able to quantify intravascular and ex-

travascular cancer cells. Ang-2 GOF mice showed an in-

creased extravasation potential as compared to wild-type 

animals (Figure 3B). MR imaging of long-term coloniza-

tion experiments (Figure 3C) revealed an increased tumor 

volume after 28 and 42 days (Figure 3D) and an increased 

total number of tumors in Ang-2 GOF mice (Figure 3D). 

Although this trend was observed during all observational 

time-points, only the measurement at time-point 28 days 

p.i. showed statistical significance. These results indicate 

that extravasation and outgrowth processes of cancer cells 

in the brain are Ang-2-dependent.

Ang-2 and VEGF are Strong Modulators of Blood-
Brain-Barrier Integrity

As indicated by the proof-of-principle BM experiments 

Ang-2 GOF revealed that Ang-2 might directly interfere with 

BBB integrity during brain metastasis formation. We there-

fore analyzed BBB integrity using TEER measurements 

of primary mouse brain microvascular endothelial cells 

(Figure 3E-G). While Ang-2 and VEGF led to a breakdown of 

BBB capacity, Aflibercept (anti-VEGF) and AMG 386 (anti-

Ang-2) were able to rescue this effect (Figure 3E-G). This 

indicates, that VEGF- and Ang-2 targeted therapies might 

interfere with cancer cell extravasation and outgrowth pro-

cesses in the brain.

Early Dual Inhibition of Hypoxia-Inducible 
Ang-2 and VEGF Reduces Melanoma and Breast 
Carcinoma Metastases Burden in the Brain

Given the early upregulation of VEGF in tumor cells in re-

sponse to hypoxia in vitro (Figure 2C) and the increased 

expression of Ang-2 in brain microvessels in the hypoxic 

pre-metastatic niche (Figure 2A, B, D) demonstrated here, 

we hypothesized that early therapeutic inhibition of Ang-2 

and VEGF-associated microenvironmental changes in hy-

poxic pre-metastatic niche may substantially affect meta-

static growth in the brain (Figure 4A). Therefore, we first 

analyzed the therapeutic effects of AMG 386 or aflibercept, 

or AMG 386 plus aflibercept on the human melanoma cell 

line H1_DL2 and the human breast cancer cell line JIMT-1 in 

vitro. Importantly, neither the AMG 386 or aflibercept treat-

ment nor the AMG 386/aflibercept combination therapy 

exerted inhibitory effects on cell proliferation (assessed 

by crystal violet assay, Supplementary Figure 1C) or MTT 

cell viability assay (Supplementary Figure 1D). This empha-

sizes, that this particular treatment strategy selectively tar-

gets the tumor microenvironment. Next, we assessed the 

systemic therapeutic effects of the combination therapy 

in mice bearing H1_DL2 melanoma cells after intracardiac 

tumor cell injection. First, using bioluminescent imaging, 

we observed a significant reduction of H1_DL2 tumor load 

in the brain, spinal, and femur, suggesting a systemic sup-

portive treatment effect in the animals during combination 

therapy (Figure 4B). We next focused on brain metastasis. 

We monitored early cancer cell extravasation using brain 

vibratome sections 24 and 72 hours post intracardiac injec-

tion of JIMT-1 cells. Mice were pretreated with aflibercept 

and AMG 386 before cancer cell injection. Only time-point 

24 hours post intracardiac injection showed significantly 

reduced extravasated cancer cells in the brain in A + A 

treated mice (Figure 4C). Interestingly, when combining 

both experiments (24 + 72 hours) all investigated speci-

mens showed extravascular cancer cells in the control an-

imals (PBS treated) while in the A + A condition, 4 animals 

did not show signs of cancer cell extravasation (Figure 4C). 

These results underline, that cancer cell extravasation de-

pends on Ang-2 and VEGF and therefore preventive strat-

egies targeting both molecules might improve therapy 

efficacy. Therefore, we further validated brain metastasis 

colonization by MRI and immunohistochemistry. Animals 

were pretreated with AMG 386 or aflibercept, AMG 386 

plus aflibercept or PBS (controls) followed by intracardiac 

inoculation with melanoma cells (Figure 4D, left part of the 

panel). Anti-angiogenic treatment was continued 5 days 

after tumor cell injection followed by injections of the anti-

angiogenic drugs twice a week (Figure 4D, right part of the 

panel). Metastatic burden and size of metastatic lesions 

in the brain were measured by MRI in week 4 after tumor 

cell injection. Immunostainings of brain tissue sections 

were performed 5 weeks after the commencement of the 

therapies (Figure 4E). Evaluation of the metastatic brain 

with MRI revealed a significant decrease in tumor num-

bers and tumor volumes in animals treated with AMG 386 

or aflibercept alone, or AMG 386 plus aflibercept (A + A) 

compared to controls receiving PBS injections (Figure 4G). 

Among the tested treatment regimes, the AMG 386/

aflibercept combination therapy unfolded the strongest 

inhibitory effects on brain melanoma metastases load, ex-

cept for reduction of the total number of metastatic brain 

tumors that was comparable with that of the aflibercept 

monotherapy (Figure 4G). Given the potent inhibitory ef-

fect of the combined anti-angiogenic therapy on melanoma 

BM development in vivo, we administered AMG 386 plus 

aflibercept (A + A) to mice that were intracardially injected 

with JIMT-1 breast cancer cells, according to the treatment 

strategy demonstrated in Figure 4D. Anti-angiogenic com-

bination therapy in the breast cancer model, which usu-

ally shows rather large but few BM, resulted in a slightly 

decreased number of metastatic brain tumors and de-

creased tumor volumes compared to controls (Figure 4F, 

H). However, a significant difference was only observed for 

tumor volumes (Figure 4H).

Taken together, these findings propose that the com-

bined anti-Ang-2/anti-VEGF therapy may ameliorate Ang-2 

and VEGF-mediated microenvironmental changes in hy-

poxic perivascular niches that are essential for successful 

metastatic tumor outgrowth in the brain.

Ang-2 Expression in Established Human BM 
and Association With Clinical and Biological 
Parameters

To further evaluate the clinical relevance of Ang-2 in the 

microvasculature, we investigated TMAs of BM from 191 
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Figure 3. (A) Scheme illustrating intracardiac injection of 99LN cells in wild type (WT) and angiopoietin-2 gain of function (Ang-2 GOF) C57BL/6 
mice followed by tissue collection and histopathological analysis 24 hours after intracardiac injection. (B) Representative images of immunofluo-
rescence staining for CD31 and desmin expressing microvessels and epithelial cell adhesion molecule (EpCAM) expressing tumor cells in WT and 
Ang-2 GOF C57BL/6 mice demonstrating intravascular and extravascular tumor cells (left panel); immunofluorescent analysis of 50 µm vibratome 
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patients diagnosed with brain metastasis and used them to 

assess Ang-2 protein expression in blood vessels (Figure 

5A). Interestingly, we identified a high Ang-2 protein ex-

pression not only in tumor vessels but also in preexisting 

brain microvessels that were strongly co-opted by meta-

static cancer cells (Figure 5A). Importantly, tumor cells 

did not show Ang-2 expression in the analyzed samples. 

Subsequent quantification of the ratio of Ang-2 expression 

relative to the expression of CD31 revealed a markedly in-

creased Ang-2 expression in vessels of all screened types 

of BM. We observed the highest Ang-2/CD31 ratio in ves-

sels of NSCLC and SCLC (Figure 5B). RCCs are typically 

highly vascularized and therefore showed high, but also 

highly variable Ang-2 expression. Although we observed 

a slight trend for increased size of Ang-2/CD31 high brain 

metastasis, we did not observe statistical significance 

(Figure 5C). The number of BM was not associated with 

Ang-2/CD31 ratio of resected tumors (Figure 5D).

Importantly, the increased Ang-2/CD31 ratio detected 

in patients suffering from BM negatively correlated with 

patient survival after tumor resection, suggesting that 

increased expression of Ang-2 overall and in the pre-

metastatic niche substantially contributes to disease 

progression (Figure 5E). When we added the tumor’s prolif-

erative activity, as measured by the Ki67 proliferation rate, 

to the survival analyses, we found that the combination of 

Ang-2/CD31 ratio and Ki67 was strongly associated with 

survival following BM surgery (Figure 5F). Furthermore, 

when investigating the stromal compartment of estab-

lished brain metastasis using antibodies against Collagen 

I, Ang-2, and CD31, we observed three major clusters of 

brain metastasis (Figure 5G) with variable expression pro-

files. Most interestingly, the purple cluster (high Ang-2 and 

high CD31 levels with moderate collagen I expression) was 

negatively associated with overall survival after brain sur-

gery (Figure 5H). This suggests, that also in established 

brain metastasis Ang-2, Ki67, and a certain composition of 

the stroma-vascular compartment are associated with pro-

gressive disease. Extended survival analyses and cohort 

statistics are shown in Supplementary Table 1 and Figure 2.

Discussion

Metastasis is one of the major challenges in oncology. 

Especially, in brain metastasis, the understanding of the 

homing processes of cancer cells and colonization of the 

brain metastatic niche is of paramount importance, as 

most drugs do not cross the BBB and do not reach the 

brain parenchyma in sufficient concentrations to exert clin-

ically meaningful anti-tumor effects.

In our study, we identified focal hypoxic and is-

chemic changes in the brain pre-metastatic niche as a re-

sult of cancer cell vessel occlusions, which lead to an 

upregulation of vascular remodeling factors such as 

Ang-2, thereby facilitating the trespassing and coloniza-

tion of cancer cells in the brain (Figure 6). The observa-

tion of cancer cells occluding vessels in our experimental 

setup was accompanied by a focal alteration of blood 

velocity which somehow mimicked the process of early 

stroke. This has been confirmed by comparing Ang-2, 

VEGF, and MMP-9 expression profiles in isolated endo-

thelial cells from experimental stroke.35 Interestingly, in 

mice intracardially injected with cancer cells, we detected 

microinfarctions which showed at least a partial overlap 

with areas of later metastatic foci. In these regions, we 

also detected Ang-2 overexpressing brain microvessels 

which were in close contact with early tumor cell colonies. 

Early expression of Ang-2 in stroke has been described by 

Beck et al.37 Furthermore, Ang-2 GOF experiments in mu-

rine vasculature led to impairment of the BBB, which was 

rescued by targeting Tie2 in a middle cerebral artery occlu-

sion model (MCAO).29 So far, it is unclear, whether a com-

plete infarction-like lesion is necessary for the process of 

cancer cell extravasation into the brain. We rather assume, 

that also transient infarction-like microenvironmental pro-

cesses are sufficient to induce destabilization of the BBB 

and preparation of a pre-metastatic niche.

Ang-2 is an important angiogenic regulator that is crit-

ically involved in destabilizing the microvasculature and 

promoting angiogenesis by competing with angiopoietin-1 

for Tie-2 receptor binding.38,39 As such it has been identi-

fied as a key regulator of cancer cell propagation and 

tumor growth in several types of cancer, including breast 

and colorectal cancer, renal cell carcinoma, and mela-

noma.40–43 Furthermore, Ang-2 is critically involved in the 

development and outgrowth of brain cancer, including 

primary brain tumors such as glioblastoma,20,21 and BM. 

Particularly in breast carcinoma, Ang-2 contributes to col-

onization of circulating cancer cells in the brain during the 

early stages of the metastatic cascade in a mouse model 

of breast cancer metastasis.5 These findings reflect our 

observations in patients diagnosed with BM, showing in-

creased Ang-2 expression in brain microvascular endothe-

lial cells already at the early stages of brain colonization. 

These results suggest that Ang-2 upregulation in brain 

microvascular endothelial cells may be crucially involved 

in the early development of BM in several types of cancer. 

Moreover, we found endothelial Ang-2 expression in 

sections of WT and Ang-2 GOF mice (n = 2 WT and n = 2 Ang-2 GOF) revealed an increased migration and invasion of 99LN cells in Ang-2 GOF 
mice (right panel). (C) Schematic illustration of brain metastasis evolution experiment, depicting intracardiac injection of 99LN cells in WT and 
Ang-2 GOF C57BL/6 mice followed by assessment of brain metastatic load by MRI 28, 35, and 42 days after intracardiac injection of tumor cells. 
(D) MRI imaging revealed increased numbers of tumors and total tumor volumes in Ang-2 GOF mice 28 days and increased total tumor volumes in 
Ang-2 GOF mice 42 days after intracardiac tumor cell injection; n = 8 WT and n = 6 Ang-2 GOF, *P < .05 and not significant (ns) P > .05 by 2-tailed, 
unpaired t-test. (E) Representative graph for continuous TEER values of the MBMEC monolayer in control conditions and treatment conditions 
with either Ang-2 and VEGF or Ang-2, VEGF, AMG-386, and Aflibercept. (F) Quantification of 24 and 48 hours TEER values of MBMEC in control 
conditions and treatment conditions with Ang-2 and VEGF or Ang-2, VEGF, AMG-386, and Aflibercept; n = 3 independent experiments, *P < .05, 
**P < .01, ****P < .0001 and ns P > .05 by one way ANOVA (Tukey post hoc test). (G) Representative images of claudin-5 in endothelial monolayer 
in control and treatment conditions. DAPI was used to reveal cell nuclei.
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Figure 4. (A) Scheme illustrating microenvironmental Ang-2 and VEGF blocking in brain metastases formation. (B) Bioluminescence imaging 2 
weeks after intracardial H1_DL2 injection. Regions of interest “total body,” “brain,” “spinal” and “femur” were defined and measured accord-
ingly. Results of PBS-treated animals (control) and AMG 386 and aflibercept (A + A) treated animals are depicted. Statistical analysis was per-
formed by Student`s t-test. (C) Quantification of cancer cell extravasation in vibratome sections of PBS (control) and A + A treated animals are 
shown after 24 and 72 hours p.i.. The combination of the 24h and 72h p.i. experiments are shown in the upper right panel (purple: extravasation; 
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microvessels of solid brain metastatic tumors. These find-

ings suggest that Ang-2 on the one hand might be a potent 

driver of tumor cell transmigration through the vascular 

wall and colonization in the perivascular pre-metastatic 

niche in the brain and on the other hand ensures stable 

oxygen and nutrient supply to growing macrometastases. 

Our data suggests that these results might be regardless 

of the type of cancer that metastasizes to the brain. The 

combination of high Ang-2 expression in endothelial cells 

of macrometastases and the high proliferative capacity of 

the tumors was associated with decreased survival prob-

ability. In these late stages of metastasis outgrowth, we 

furthermore detected, that the composition of the stroma-

vascular compartment is crucial for brain metastasis pa-

tient prognosis. The Ang-2 GOF experiments revealed 

increased brain metastasis sizes and higher extravascular 

cancer cell counts in the brain parenchyma of endothelial 

Ang-2 GOF mice. These results implicate a dual function of 

Ang-2 in the early metastatic stage as well as in the forma-

tion of macrometastases.

Our assumption that Ang-2 overexpression in human 

and murine brain capillaries crucially promotes cancer cell 

colonization in the brain is further supported by similar 

observations made in breast cancer BM. In these in vivo 

mouse models, increased Ang-2 expression in brain cap-

illary endothelial cells was directly associated with BBB 

disruption, further facilitating extravasation and coloniza-

tion of circulating breast cancer cells in the pre-metastatic 

niche.5 Moreover, as expected, we observed a substantial 

upregulation of VEGF in cancer cells in vitro in response to 

hypoxia. Our results suggest that a hypoxic environment 

may further contribute to successful cancer cell propaga-

tion in perivascular pre-metastatic niches by increasing 

Ang-2 expression in brain microvessels and VEGF expres-

sion in brain-invading tumor cells.14–17,44 It is of note that hy-

poxic conditions may be well tolerated by brain-invading 

cancer cells, particularly as we detected an increased ex-

pression of lactate dehydrogenase A (LDHA) also in early 

metastatic cancer cells. Ang-2 expressing microvessels, 

which support nutrition supply in combination with a 

metabolic switch in cancer cells towards a glycolytic phe-

notype in an ischemic pre-metastatic niche, might sup-

port cancer cell survival and the establishment of solid 

macrometastases. Interestingly, the knockdown of LDHA 

was not capable of reducing brain metastasis colonization 

in a melanoma BM model.33 A recent study showed that 

early platelet activation and clot formation at metastatic 

sites were crucial for successful brain metastatic coloniza-

tion.45 This supports our hypothesis of early infarction-like 

reactions as the driving force of tumor cells seeding to the 

brain.

Upregulation of Ang-2 and VEGF has been demon-

strated to significantly contribute to tumor growth16,46 

and metastases formation.5,13 In preclinical studies dual 

inhibition led to improved outcomes in different tumor 

entities.16,17,47–50 However, the effect of early dual inhibition 

of Ang-2 and VEGF on BM development in mice suffering 

from melanoma and breast cancer using the Ang-2 inhib-

itor AMG 386 and the VEGF-trap aflibercept has not been 

investigated yet. Importantly, toxic effects on both types 

of tumor cells were not recorded at any time point inves-

tigated in in vitro experiments by either treatment (AMG 

386 or aflibercept) alone or in combining both. We were 

able to show, that Ang-2 and VEGF disrupt BBB integrity 

and that AMG 386 and aflibercept are able to rescue this 

effect. Therapeutic inhibition of Ang-2 and VEGF in mice 

intracardially injected with either melanoma or breast 

cancer cells, was associated with a substantial reduction 

of the metastatic brain tumor load by either AMG 386 or 

aflibercept administration alone or by dual anti-Ang-2/anti-

VEGF therapy. The most beneficial effects were achieved 

by early dual anti-Ang-2/anti-VEGF therapy, further under-

pinning that microenvironmental changes towards a sup-

porting microenvironment—a pre-metastatic niche, may 

be substantially mediated by Ang-2 and VEGF.

In conclusion, we here provide evidence for a novel 

mechanism of how cancer cells shape a pre-metastatic 

niche by blood vessel occlusion and subsequent focal 

infarction-like microenvironmental reaction, which in turn 

leads to an upregulation of vascular remodeling factors 

such as Ang-2 or VEGF. In addition, Ang-2 might be involved 

in a delayed resolution of cancer cell-blood clotting, as de-

scribed for venous thrombosis.51 Furthermore, our findings 

support previous preclinical studies, which demonstrated 

that both Ang-2 and VEGF are crucially involved in BM for-

mation.5,13 An important clinical question the present work 

does not address, is the role of radiotherapy in the con-

text of cancer cell extravasation and in the context of the 

proposed mechanism. Radiotherapy not only directly tar-

gets proliferating cancer cells but also influences cerebral 

blood microcirculation.52 Further studies are needed to 

address this question. Although we have discovered inter-

esting and promising results regarding Ang-2 as a poten-

tial prognostic marker in established macrometastases in 

BM patients, these data should be interpreted with caution. 

Firstly, our study involves a very selected and heteroge-

neous cohort of patients (all patients underwent resection), 

and secondly, the case numbers of the individual tumor 

entities examined were partly very low, so that conclusive 

interpretations and clear applications to the clinical situa-

tion are not definitively possible at the moment.

Early inhibition of reprogramming effects of Ang-2 and 

VEGF on the brain perivascular pre-metastatic niche by 

combined AMG 386/aflibercept therapy is beneficial in 

preclinical xenograft models of breast carcinoma and mel-

anoma BM, demonstrating a substantial reduction of the 

green: no extravasation, P-value of likelihood ratio chi-square test is shown) (D) Experimental design of anti-Ang-2/anti-VEGF treatment in mice 
with intracardiac injection of H1_DL2 or JIMT-1 cells. (E-H) Assessment of melanoma (E, G) and breast carcinoma brain metastatic load (F, H) by 
MRI in week 4 after commencement of anti-angiogenic therapies in mice, including the total number of tumors and total/average tumor volumes 
in animals treated with AMG 386, aflibercept, or AMG 386 plus aflibercept compared to PBS treated controls. Immunostainings of coronal tissue 
sections for HMB45 (E) and EpCAM (F) visualize cerebral spread of H1_DL2 melanoma and JIMT-1 breast carcinoma metastases 5 weeks after 
initiation of anti-angiogenic therapies (trial endpoint). * P < .05, ** P < .01, *** P < .001, P < .0001 and ns P > .05 by 2-tailed, unpaired t-test.
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Figure 5. (A) Immunostainings demonstrate Ang-2 expression in CD31-positive brain microvessels exploited by panCK-positive metastasizing 
cancer cells in the human brain pre-metastatic niche (scale bar 50 µm). (B) Ratio of Ang-2/CD31 expression in tumor vessels in human brain me-
tastases (BM) of different types of metastatic cancers (n = 191 patients Ang-2 data, one patient missing CD31 data). (C) Association of Ang-2/
CD31 ratio and BM size. (D) Association of Ang-2/CD31 ratio and number of BM. (E) Kaplan–Meier survival curves of patients with low or high 
ratios of Ang-2/CD31 expression (median split) in metastatic brain lesions. Results of Log-rank test are shown. (F) Kaplan–Meier survival curves of 
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Figure 6. Schematic summary illustrating the microenvironmental effects of (A) cancer cells occluding brain blood vessels and (B) early anti-
Ang-2/anti-VEGF treatment on brain metastatic (BM) tumor load.

combined Ki67 dichotomization (median split) and Ang-2/CD31 ratio dichotomization (median split) showing four groups illustrating low/low, high/
high, high/low, and low/high expressors (total n = 189 due to single patients with missing data for CD31 and Ki67). Hierarchical cluster analyses of 
tumor area, positively labeled with antibodies against collagen I, CD31, and Ang-2. Kaplan–Meier survival curve of patients belonging to different 
stromal vascular clusters (H). Survival from date of BM surgery until last contact (H) are depicted. Throughout the figure, the numbers of the sam-
ples tested are indicated in parentheses. These vary due to partly missing clinical or experimental data.
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brain metastatic tumor load. Our findings suggest that 

combined inhibition of Ang-2 and VEGF can to a certain ex-

tent prevent brain metastasis by keeping metastatic tumor 

cells dormant and in a clinically silent state. Future re-

search is warranted on the pre-metastatic niche as a sanc-

tuary side of metabolically derailed tumor cells, and of the 

identification of patients at high risk to develop BM which 

may benefit from prevention therapies.
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