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SUMMARY
The impact of a compromised blood-brain barrier (BBB) on the drug treatment of intracranial tumors remains
controversial. We characterize the BBB integrity in several intracranial tumor models using magnetic reso-
nance imaging, fluorescent dyes, and autoradiography and determine the distribution and efficacy of doce-
taxel in brain tumors grafted in Abcb1-proficient and Abcb1-deficient mice. Leakiness of the tumor vascula-
ture varies from extensive to absent. Regardless of the extent of leakiness, tumor blood vessels express ATP-
binding cassette transporters (Abcb1 and Abcg2). A leaky vasculature results in higher docetaxel tumor
levels compared to normal brain. Nevertheless, Abcb1 can reduce drug distribution and efficacy even in leaky
models. Thus, BBB leakiness does not ensure the unimpeded access of ATP-binding cassette transporter
substrate drugs. Therapeutic responsesmay be observed, but the full potential of such therapeutics may still
be attenuated. Consequently, BBB-penetrable drugs with little to no affinity for efflux transporters are
preferred for the treatment of intracranial tumors.
INTRODUCTION

High-grade gliomas, and in particular glioblastoma (GBM), are the

most common primary malignant brain tumors in adults and

invariably lethal. The established treatment consists of surgical

resection to a maximum safe extent, followed by external beam

radiotherapy and temozolomide chemotherapy.1 Because of the

widespread infiltration of tumor cells into the surrounding brain

structures, complete surgical resection of malignant glioma is

impossible. Therefore, the challenge of improving GBM therapy

is to design therapies that are able to track and kill those residual

tumor cells leftwithin the brain following surgery.2 So far, however,

no systemic chemotherapeutic drugs other than temozolomide

have shown significant efficacy in the treatment of malignant gli-

omas, neither as monotherapy or in combination strategies. A

likely contributing factor to the low efficacy of chemotherapy is

the presence of the blood-brain barrier (BBB), which limits the

brain penetration of many anticancer drugs.3 Improving drug de-

livery into the brain will therefore be an important first step when

considering the chemotherapeutic treatment of GBM.4 The BBB

is physically formed by the endothelial cells of the brain. The
Cell Repo
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typical BBB features of the endothelium are induced by intimate

contact with astrocytes and/or pericytes.5,6 Brain endothelial cells

lack fenestrations and are closely linked by tight junctions. Be-

sides these passive constraints, active efflux of compounds

from the brain by the ATP-binding cassette (ABC) transporters

P-glycoprotein (P-gp; ABCB1), breast cancer resistance protein

(BCRP; ABCG2), and multidrug resistance-associated protein 4

(MRP4; ABCC4) has been well established.5,7

GBM as well as brain metastases are known to disrupt BBB

integrity as is visualized by gadolinium contrast-enhanced

magnetic resonance imaging (MRI).8,9 Penetration of this small

molecule contrast agent to the tumor fuels the notion that other

small-molecule drugs may have similar good access to the tu-

mor. Notably, however, disruption of the BBB in GBM occurs

mainly in the core of the tumor, wheremicrovascular proliferation

results in newly formed leaky blood vessels. In contrast, the BBB

is more intact in the peripheral zones and brain adjacent to tumor

areas where numerous infiltrating tumor cells reside that are typi-

cally left behind following surgery.2,4 Heterogeneity in BBB

disruption is also evident in brain metastases.10 There are

several examples in which a tumor growing outside the brain
rts Medicine 2, 100184, January 19, 2021 ª 2020 The Author(s). 1
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responds better to therapies compared to the same tumor

growing intracranially.11,12 It is therefore very likely that the

BBB remains a hurdle, limiting the entry of therapeutics into sub-

stantial areas of GBM tumor tissue in patients.

Paclitaxel and docetaxel are efficacious in the treatment of pa-

tients with various extracranial malignancies such as ovary,

breast, and lung cancer,13 but not against malignant gli-

omas.14,15 In general, cell lines derived from malignant glioma

are equally sensitive to low nanomolar concentrations of pacli-

taxel and docetaxel as cell lines of other origin, showing that ma-

lignant glioma cells are not intrinsically resistant.16,17 Paclitaxel

and docetaxel are substrates of the drug efflux pump P-gp,

and the brain penetration of docetaxel and paclitaxel in P-gp

knockout (KO) mice is >5- to 10-fold higher than in wild-type

(WT) mice.18,19 We have characterized the BBB in a series of

intracranial xenograft tumor models, including a serum-free

cultured glioma stem cell model, which encompass various de-

grees of BBB leakiness. By using recipient nude mice that are

proficient or deficient in P-gp in combination with a P-gp sub-

strate chemotherapeutic drug, we were able to determine the

potential impact of drug transporters in leaky and non-leaky tu-

mor areas on drug distribution and efficacy. Importantly, our

work shows that ABC transporters in the tumor vasculature are

functionally important and protect areas of tumors that are

evidently leaky. This result emphasizes the need to use BBB-

penetrable drugs when treating intracranial tumors.

RESULTS

Characterization of the leakiness of intracranial tumor
models
To assess the impact of the leakiness of the tumor vasculature

on the efficacy of drug treatment, we characterized a series of

intracranial tumor models by contrast-enhanced MRI with

gadolinium as well as by autoradiography with 14C-labeled ami-

noisobutyrate (AIB) and fluorescence microscopy following the

injection of Texas Red (TxRed). We started with four models

for our further study, since these recapitulate the spectrum

from minimally to highly leaky tumors (Figures 1 and S1).

GBM8 is a neurobasalmedium-culturedglioblastomastemcell-

like (GSC) line of the proneural subtype. It is a highly invasive tumor

that invades the contralateral hemisphere and displays only very

minimalcontrastenhancementonMRIandonly in themorecentral

core of the lesion. Also, the other leakiness markers, AIB and

TxRed, indicate minimal to no leakiness. Mel57 is a melanoma

cell line that forms more compact tumors, which are not very rich

in blood vessels. In addition, this tumor showed some contrast

enhancement on MRI, whereas TxRed fluorescence distribution

was not detectable. The AIB distribution in these tumors was

clearly higher than in the surrounding brain tissue. These results

suggest that the BBB in Mel57 is not completely intact, although

the extent of leakiness is limited. The same Mel57 cell line trans-

duced with vascular endothelial growth factor (VEGF) resulted in

highly vascularized, compact tumors. The MRI showed ring

enhancement, whereas the core was less enhanced, indicative

of high interstitial pressure in the tumor. Extensive distribution of

TxRed surrounding the tumor as well as uptake of AIB was found

throughout the tumor, indicating profound leakiness of the BBB
2 Cell Reports Medicine 2, 100184, January 19, 2021
in these tumors. U87 is a serum-cultured GBM cell line that forms

compact tumors that were also well vascularized. These tumor

vesselswere leaky, as judgedbyMRI, TxRed, andAIBdistribution.

Notably, all brain tumor lesions uniformly express P-gp and

BCRP in the tumor vessels, whether the tumor cells originate

from GBM or extracranial tumor types. Of note, immunohisto-

chemical staining of P-gp on mouse tissue slides is not straight-

forward. We have tested many antibodies over the last several

years without much success. In most cases, there was either

no staining of the vessels or the vessels stained nicely, but the

same vessel staining was then also found in P-gp KO mice.

The current antibody gives some non-specific staining of normal

brain cells since this was also found in Abcb1a/b�/� mice, but

the typical vascular staining of P-gp is only present in mice pro-

ficient for P-gp (Figure S2). The antibody for BCRP gives much

cleaner results. Note that besides the specific staining of the ves-

sels, there is also a more diffuse staining throughout the normal

brain parenchyma in BCRP-proficient mice that is absent in

Abcb1a/b;Abcg2�/� mice.

P-glycoprotein limits the distribution of docetaxel in
brain tumors
Next to the semiquantitative evaluation of leakiness of the BBB in

tumors, as described above (see also Figure S1), we conducted

a more thorough quantitative assessment by determining the

distribution of docetaxel in our panel of intracranial tumormodels

as well as in ipsilateral (right) and contralateral (left) brain hemi-

spheres and cerebellum. Tumor cells were injected into the stria-

tum in the right hemisphere and were allowed to grow to a size

that allowed visual recognition and isolation of sufficient material

for analysis. U87 tumors form solid spherical structures that are

easy to isolate without any adjacent normal brain tissue. Mel57-

VEGF tumors were soft, but rich in blood vessels and therefore

easy to distinguish and isolate from normal brain. Mel57 and

GBM8 were more difficult to discern from normal tissue.

The concentration of docetaxel in GBM8 tumor tissue was

equal to the concentration in normal brain, and the concentration

of the same tumor in Abcb1a/b�/� mice was �5-fold higher

(Figure 2). This result is in line with the findings by MRI, AIB,

and TxRed that show that GBM8 tumors have an almost intact

BBB. However, in Mel57 tumors that also appear to have a

non-leaky BBB, the concentration of docetaxel was �5-fold

higher than in the normal brain of the same WT mice. Mel57

tumors in Abcb1a/b�/�mice accumulated�2.5-fold more doce-

taxel than tumors in WT mice. This result demonstrates that do-

cetaxel is able to accumulate into the tumor, but that despite this

leakiness, P-gp is still capable of reducing the accumulation in

the tumor. A much higher concentration of docetaxel was

observed in Mel57VEGF tumors, and the concentrations were

similar in WT and Abcb1a/b�/� mice. This result suggests that

the leakiness of the vasculature in this tumor is too much for P-

gp to effectively counter the distribution of docetaxel into the tu-

mor. The ipsilateral brain hemisphere also contained 2- to 3-fold

more docetaxel than the contralateral brain, whichmay be due to

more distant leaking of docetaxel into adjacent brain. The finding

that the concentration in Mel57 tumors in Abcb1a/b�/� mice is

only �40% of the level in Mel57VEGF tumors indicates that the

BBB in the Mel57 is still more functional, albeit not completely



Figure 1. Characterization of the vasculature of intracranial tumor models
The leakiness of the vasculature of intracranial GBM8, U87, Mel57, and Mel57VEGF tumors was assessed by T2-weighted, T1-weighted pre-contrast and T1-

weighted post-gadolinium (Gd) contrast magnetic resonance imaging, by autoradiography following intravenous (i.v.) administration of 14C-aminoisobutyrate

(AIB) and by fluorescence microscopy following i.v. Texas Red (TxRed). Histochemical hematoxylin and eosin (H&E) staining was used as a reference for tumor

location. P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP) expression was demonstrated by immunohistochemistry. All of the microscopy

images are representative of n = 5–13 animals. Scale bars, 100 mm.

See also Figures S1 and S2.
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tight. The leaky U87 tumors also accumulate 10-fold more doce-

taxel than normal brain, which is also further enhanced in

Abcb1a/b�/� mice, again showing that P-gp can reduce the en-

try of drugs even when vessels are leaky.

A leaky BBB can still protect brain tumors and reduce
the efficacy of therapeutics
We used tumor cells expressing luciferase to allow non-inva-

sive longitudinal bioluminescence imaging as a readout of tu-

mor growth for this study. Treatment began �10–14 days after

tumor cell injection. When we challenged Mel57 tumors with

paclitaxel or docetaxel, the tumors did not show any response

to the treatment, even in Abcb1a/b�/� mice (Figures 3A and

3B). Apparently the �2.5-fold higher docetaxel accumulation

in the tumors in Abcb1a/b�/� mice was still insufficient to elicit

a therapeutic effect. When Mel57VEGF tumors were treated
with docetaxel, a robust response was observed, which was

similar in WT and Abcb1a/b�/� mice (Figure 3C). This is in

line with the finding of a similar docetaxel distribution in the tu-

mors grafted in both strains, which was also more than 2-fold

higher than in Mel57 tumors (Figure 2). Further evidence that

the poor response of intracranial Mel57 tumors is due to pro-

tection by the BBB comes from the finding that Mel57 tumors

are very responsive to docetaxel when placed under the renal

subcapsule (Figure 3D).

GBM8 tumors do not respond to docetaxel treatment, even not

in Abcb1a/b;Abcg2�/� mice, which is in line with the finding that

the accumulation of docetaxel is very low in these tumors (Figures

2and4A). Similar resultswereobtainedwith the rat-derivedglioma

model RG2,whichwe initially used before switching toGBM8as a

more relevant human GBMmodel. Despite the evidence of some

leakiness as observed by fluorescent dyes and AIB, docetaxel
Cell Reports Medicine 2, 100184, January 19, 2021 3



Figure 2. Docetaxel distribution in brain tumors

The docetaxel concentration was lower in Mel57, U87, and GBM8 tumors of wild-type (WT) mice compared to Abcb1a/b�/�mice, but considerably higher than in

surrounding normal tissues (right hemisphere, left hemisphere, and cerebellum) in all tumors but GBM8. Tissues were harvested at 4 h after 30 mg/kg i.v. do-

cetaxel. Data are represented asmeans ±SEs (n = 9–12); ****p < 0.0001, for tumor compared toWT; +p < 0.05, ++++p < 0.0001 for normal brain compared to tumor

in the same genotype. ++p < 0.01.
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did not demonstrate efficacy against intracranial lesions, whereas

it was efficacious against subcutaneous RG2 (Figure S3). In

contrast, we observed a response in WT mice when we treated

U87 tumors with docetaxel or paclitaxel, which is in line with the

finding that these tumors are very leaky (Figures 1, 2,4B, and
4 Cell Reports Medicine 2, 100184, January 19, 2021
4C). Notably, however, despite the fact that U87 tumors have

very leaky vessels, the response observed in tumors in Abcb1a/

b�/� mice was much more profound. This finding demonstrates

that the activity of P-gp in otherwise leaky vessels can diminish

the efficacy of a drug.
Figure 3. BBB permeability affects the effi-

cacy of treatment against intracranial

Mel57 tumors

(A) Efficacy of paclitaxel against intracranial Mel57

tumors grafted in WT or Abcb1a/b�/� mice. Data

are represented as means ± SEs (n R 6).

(B) Efficacy of docetaxel against intracranial Mel57

tumors grafted in WT or Abcb1a/b�/� mice. Data

are represented as means ± SEs (n R 8).

(C) Efficacy of docetaxel against intracranial

Mel57VEGF tumors grafted in WT or Abcb1a/b�/�

mice. Data are represented as means ± SEs (n R

7); *p < 0.05.

(D) Efficacy of docetaxel against Mel57 tumors

grafted in the renal subcapsule of WT mice. Data

are represented as means ± SEs (n R 5); **p <

0.01.

In all of the panels, arrows indicate the days of

taxane administration.



Figure 4. BBB permeability affects the efficacy of treatment against intracranial GBM tumors

(A) Efficacy of docetaxel against intracranial GBM8 tumors grafted in WT or Abcb1a/b;Abcg2�/� mice. Data are represented as means ± SEs (n R 6).

(B) Efficacy of docetaxel against intracranial U87 tumors grafted in WT or Abcb1a/b�/� mice. Data are represented as means ± SEs (n R 6); ****p < 0.0001.

(C) Efficacy of paclitaxel against intracranial U87 tumors grafted in WT or Abcb1a/b�/� mice. Data are represented as means ± SEs (n R 7); ****p < 0.0001.

In all of the panels, arrows indicate the days of taxane administration.

See also Figure S3.
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DISCUSSION

By using our series of orthotopic brain tumor models engrafted

into paired sets of P-gp-deficient versus P-gp-proficient nude

mice, we show that intracranial tumors that preserve the integrity

of the BBB are very well protected against treatment with tax-

anes, even when P-gp is absent. Intracranial tumors that have

leakier BBB properties and are thus more accessible can be

more responsive to chemotherapy. Importantly, however, the

accumulation of docetaxel in tumors that have leaky blood ves-

sels is significantly higher in Abcb1a/b�/� mice compared to WT

mice. Moreover, this also translates into better efficacy. This

result indicates that drug efflux transporters expressed in tumor

vessels may still compromise chemotherapy efficacy, even

when tumor blood vessels are leaky. Thus, leakiness of the

BBB as determined by MRI does not imply unimpeded access

of drugs into brain tumor lesions.

In previous studies on GBM, we have tested more clinically

relevant drugs (temozolomide)20 or experimental drugs (veli-

parib, phosphatidylinositol 3-kinase [PI3K] inhibitors).21,22 In

some of these studies, we also showed that brain tumors with

an (almost) intact barrier respond better to substrate drugs

when the transporters are absent. In the present study, we aimed

to examine the mechanistic impact of drug transporters in le-

sions that harbor a leaky barrier, as found in the core regions

of GBM. For this purpose, we used docetaxel as a model sub-

strate drug to which tumor cells are generally sensitive and not

a drug that requires a specific target.

We designed this study in such a way that it allowed us to

establish the impact of BBB integrity and the role of P-gp in

blood vessels on drug distribution and antitumor efficacy. We

characterized the integrity of tumor blood vessels in a range of

brain tumor models and used paired cohorts of nude mice

strains that were deficient or proficient for P-gp. We have used

docetaxel because it is a substrate of P-gp, but the effect on

the plasma clearance by P-gp is minimal, as elimination of doce-

taxel occurs mainly through CYP450-mediated metabolic

degradation.19,23
Earlier studies also investigated taxane drugs in brain tumors.

Fellner et al.24previously showed that the efficacy of paclitaxel

against an experimental U118MG brain tumor model was

improved when given in combination with the P-gp inhibitor val-

spodar. They also tested U87 with paclitaxel and valspodar but

only at a dose of 4 mg/kg, which was too low for a response. Re-

sults by Gallo et al.,25 who analyzed the distribution of paclitaxel

in intracranially grafted B16 melanoma —originating from a

C57BL/6 mouse— into WT and Abcb1a/b�/� FVB mice, sug-

gested that P-gp limited drug entry in these tumors, although

the difference in that study was not significant. The leakiness

of these non-syngeneic tumors was not assessed and also the

impact on efficacy was not tested. Adkins et al.26 used rhoda-

mine 123 as a model substrate and showed that the distribution

was not increased in leaky breast cancer brain metastases,

whereas Goutal et al.27 demonstrated that focused ultrasound

disruption of the BBB of non-tumor-bearing animals did not

enhance the brain distribution of erlotinib.

The presence of P-gp and other ABC transporters in the tumor

vessels of GBM is well documented, although there is no

consensus on the expression changes compared to healthy

brain vessels. On the one hand, as determined by immunohisto-

chemistry, blood vessels of primary brain tumors generally stain

with similar or sometimes even higher intensities for P-gp and

BCRP compared to vessels in normal brain tissue,28–30 whereas

the expression in vessels of metastatic lesions is more

diverse.31–33 Notably, immunohistochemistry provides data on

the location of the protein, but the quantitation is less robust.

On the other hand, two recent studies using quantitative

proteomics on homogenates of isolated microvessels and sin-

gle-cell RNA sequencing (RNA-seq) reported lower levels of

transporter proteins and transcripts in GBM compared to normal

brain tissue.34,35 Proteomics is more quantitative, but it lacks in-

formation on spatial distribution and is very much dependent on

the vessel content in the homogenate. Moreover, the surgical

specimens in both studies are likely to contain more material

from the central part of the tumor than from the invasive areas.

Taken together, even though their expression level may be
Cell Reports Medicine 2, 100184, January 19, 2021 5
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different compared to healthy vessels, the presence of P-gp and

BCRP in tumor vessels is well established. It was therefore

postulated that drug efflux transporters could still compromise

the distribution and efficacy of chemotherapy. Our results

demonstrate that this is indeed the case. All of our intracranial tu-

mormodels, whether of glial or other origin, expressed both P-gp

and BCRP in the tumor vasculature (Figure 1). Of note, tumor

cells can also express these drug efflux transporters, and this

may form an additional hurdle to effective therapy.21,36

It is well established that astrocyte-endothelial cell interac-

tions are crucial for the formation and maintenance of the BBB

properties, including the expression of ABC transporters.6 The

finding of ABC transporter expression in non-glial tumors there-

fore suggests that these tumors grow at least in part via co-op-

tion of the preexisting vasculature. Invasion of the brain by GBM

cells may occur via various routes, including the perivascular

space.37 Intriguingly, Watkins et al.38 showed that focal

breaches of the BBBmay already occur when single invading tu-

mor cells displace the astrocytic endfeet from the endothelial

cells. This would imply also that invasive regions of GBM would

be less protected by the BBB. However, these results were

recently challenged by Pacioni et al.39 using GSC lines cultured

in neurobasal medium instead of serum-cultured GBM lines.

These latter results are in line with the unperturbed BBB in our

GBM8 model. Obviously, most of the vessels in our models are

surrounded by tumor cells and will have less connection with as-

trocytes; however, this does not annul the expression of ABC

transporters.

Patient-derived neurobasal cultured glioma stem-like cells,

such as the GBM8 model, much better resemble GBM in human

patients than the serum-cultured cell lines such as U87.40 When

the topic of this research would have been to demonstrate the

potential usefulness of a given compound for the treatment of

GBM, we would certainly not rely on U87 as the test model.

U87 is, however, very useful for demonstrating that lesions

with leaky vessels can still be protected by ABC transporters in

endothelial cells. In our previous work testing experimental

agents against GBM, (e.g., in our work on the invasion of

GBM),41 we used more advanced GBMmodels, including trans-

genic mouse models and neurobasal-cultured human glioma

stem-like cells of different GBM subtypes. Unfortunately, we

were not able to use these neurobasal-cultured human GBM

models for this work, since they have a very low tumor take in

nude mice. Crucial to this study is the availability of a set of

ABC transporter-deficient and -proficient recipient mouse

strains, and NOD/SCID/IL2Rg KO mice or NOD/SCID lacking

Abcb1 and/or Abcg2 are not available.

Interestingly, even tumor vessels in non-glial Mel57VEGF tu-

mors stained intensely for P-gp and BCRP, although the trans-

porters were no longer able to protect the tumor. It has been

shown that exposure to ectopic VEGF decreased P-gp function-

ality in isolated capillaries but did not decrease P-gp expression.

Moreover, intracerebroventricular VEGF injection increased the

brain distribution of morphine and verapamil, but not of su-

crose.42 Although these results suggest that VEGF can elicit a

direct effect on P-gp functionality, disruption of the barrier by

VEGF in tumors is a more plausible explanation for the profound

distribution of docetaxel in the Mel57-VEGF model. Opening of
6 Cell Reports Medicine 2, 100184, January 19, 2021
the BBB by VEGF-producing tumor cells was also found to

improve the efficacy of the MDM2 inhibitor SAR405838.43

Disruption of the BBB in tumors by VEGF is more likely to

occur when lesions become bigger and more hypoxic. Notably,

however, although large and lethal for mice, the actual size of the

tumor lesions in the mouse brain is very small and likely reflects

the size of asymptomatic lesions in patients that may be hard to

visualize by MRI. The absence of P-gp and BCRP in blood ves-

sels of surgical samples of brain metastases may be due to the

fact that these tumors will be larger and that expression has

been lost during their progression frommicro-metastasis to clin-

ically overt lesions. Clinical responses in patients with brain me-

tastases occur.44 In line with this, Fine et al.,45 who have studied

the distribution of paclitaxel in primary and metastatic brain tu-

mors in patients, reported that a higher drug accumulation of

paclitaxel was found in metastatic tumors relative to primary

brain tumors. Nevertheless, the usefulness of systemic chemo-

therapy for brain metastases remains controversial.46,47

Although the literature suggests that disruption of the BBB

provides better access of compounds to brain tumors, our re-

sults show that the entry and, consequently, efficacy of substrate

drugsmay still be limited by drug efflux transporters. Concordant

with paclitaxel and docetaxel, other small molecules will be sub-

jected to the same principles. Temozolomide is a relatively BBB-

penetrable drug and is able to achieve therapeutic levels in GBM,

although we recently showed that even the distribution and effi-

cacy of temozolomide is impeded by drug efflux transporters.20

Because temozolomide is quite BBBpenetrable, the gain in brain

distribution in the absence of P-gp andBCRPwas small. Howev-

er, many of the novel targeted agents that have shown profound

responses in patients with extracranial malignancies are excel-

lent substrates for P-gp and/or BCRP and are efficiently

extruded from the brain.48 Consequently, it will clearly be advan-

tageous for the treatment of intracranial tumors to focus on those

candidate drugs that readily cross the BBB. Concomitant use of

potent inhibitors of the efflux transporters such as elacridar may

be an alternative when BBB-penetrable candidates are not

available.

In conclusion, leakiness of the BBB does not guarantee good

accessibility of drugs to brain tumors—in particular, when pre-

sent as small lesions. Although therapeutics may be able to exert

a response against brain tumors, the full potential of the therapy

may still be attenuated by drug efflux pumps in the tumor

vessels.

Limitations of study
This study was conducted in mice, which differ from humans in

several aspects. The size of a brain lesion that is end-stage dis-

ease in a mouse is still very small for humans. The time to

develop these lesions is probably also shorter in mice, and the

expression of the ABC transporters in the vessels of larger brain

lesions in humans may therefore be different. Thus, our work

may be more applicable to smaller lesions. Furthermore, by us-

ing docetaxel, we focused on the role of P-gp, whereas BCRP

may be more important than P-gp at the human BBB since it is

more abundantly expressed. Lastly, we needed to conduct

paired studies in brain tumor-bearing ABC transporter-proficient

and -deficient animals. Since only thymus-less (nude) mice were
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available as suitable recipients of human tissues, wewere limited

in the choice of human GSC lines to GBM8. Most GSC lines

require more immunocompromised NOD/SCID or NOD/SCID/

IL2Rg null mice, but these are not available as ABC trans-

porter-deficient mice.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Cells

B Animals

B Experimental in vivo tumor models

d METHOD DETAILS

B Drugs and compounds

B Magnetic resonance imaging

B Blood-brain barrier permeability analysis

B Histology and immunohistochemistry

B Drug concentration measurements

B In vivo efficacy studies

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.

xcrm.2020.100184.

ACKNOWLEDGMENTS

This work was financially supported by a research grant of the Dutch Cancer

Society (KWF) to O.v.T. The authors thank Piotr Waranecki and Hans Meel

for conducting the STR analyses. The authors thank Marjolijn Mertz, Amalie

Dick, and Lenny Brocks from the NKI BioImaging Facility for their assistance

with image processing and analysis.

AUTHOR CONTRIBUTIONS

Design & Supervision, J.H.B. and O.v.T. Design & Execution of the Experi-

ments and Interpretation of the Data, M.C.d.G., E.M.K., L.C.M.B., C.H.Ç.,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal antibody MDR1/ABCB1

(E1Y7S)

Cell Signaling #13978; RRID:AB_2798357

Rat monoclonal antibody BCRP/ABCG2

(BXP-53)

Abcam Ab24115; RRID:AB_447879

Chemicals, peptides, and recombinant proteins

14C-aminoisobutyrate (AIB) Tjaden Biosciences, Burlington, IA, USA N/A

Dextran, Fluorescein, 3,000 MW Anionic Invitrogen/ Thermo D3305

Dextran, Fluorescein, 10,000 MW Anionic Invitrogen/ Thermo D1821

Sulforhodamine 101 (TexasRed) Invitrogen/ Thermo 11570676

Paclitaxel (Taxolª) Bristol Myers Squibb N/A

Docetaxel Hospira, UK N/A

Temozolomide Schering Plough N/A

Neuro-basal medium Thermo Fisher 10888022

DMEM/F12 Glutamax Thermo Fisher 10565018

B-27 Supplement (50x), minus vitamin A Thermo Fisher 12587010

Recombinant Human Epidermal Growth

Factor (rEGF)

Peprotech #AF100-15

Recombinant Human Fibroblast Growth

Factor (rFGFb)

Peprotech #100-18B

Minimum essential medium (MEM Thermo Fisher 31095052

L-glutamine Thermo Fisher s 25030024

Sodium pyruvate Thermo Fisher 11360039

Vitamins Thermo Fisher 11120-037

Penicillin / Streptomycin Thermo Fisher 15140122

Non-essential amino acids Thermo Fisher 11140035

Fetal Calf serum Thermo Fisher 10500064

Gadoterate meglumine (Dotarem�) Guerbet; Villepinte, France N/A

D-luciferin Promega, Madison, WI, USA E1605

Trypsin-EDTA Thermo Fisher 25300054

Experimental models: cell lines

Mel57, Mel57VEGF Dr W.P. Leenders, (Radboud UMC,

Nijmegen, NL)

RRID:CVCL_4454

GBM8 Bakhos Tannous (MGH, Boston, USA) N/A

U87 ATCC, Manassas, VA, USA RRID: CVCL_0022

RG2 ATCC, Manassas, VA, USA RRID: CVCL_3581

Experimental models: organisms/strains

Mouse: Friends Virus B (FVB) nude NKI animal facility N/A

Mouse: Abcb1a/b�/� FVB nude NKI animal facility N/A

Mouse: Abcg2�/�;Abcb1a/b�/� FVB nude NKI animal facility N/A

Software and algorithms

Living Image 4.5 Perkin Elmer https://www.perkinelmer.com

Graphpad Prism 7.03 Graphpad https://www.graphpad.com

Aperio ImageScope v12 Aperio Technologies https://www.leicabiosystems.com

SPSS v22 SPSS Inc https://www.ibm.com

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Fiji / ImageJ 1.52n NIH https://imagej.nih.gov/ij/

Paravision software (v 6.0.1) Bruker https://www.bruker.com

ZEN Blue v3.1 Carl Zeiss www.zeis.com

HALO v3.1.10076.423 Indica Labs https://www.indicalab.com
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Lead contact
Requests for further information and reagents may be addressed to the corresponding author: Olaf van Tellingen (o.v.tellingen@nki.

nl).

Materials availability
Mouse strains can be made available under appropriate materials and treatment agreement. No other unique reagents were

generated.

Data and code availability
The data that support the findings of this study are available [Mendeley Data, V1, https://doi.org/10.17632/vkxm4zp7s3.1].

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells
Themelanoma cell line Mel57 (RRID:CVCL_4454) and its vascular endothelial growth factor (VEGF)-A165 transfected subline Mel57-

VEGFwere kindly provided by dr.W.P. Leenders (RadboudUniversity Medical Center, Nijmegen, the Netherlands) and theGBM8 cell

line expressing firefly luciferase (Fluc) and mCherry by dr. Bakhos Tannous (Massachusetts General Hospital, Boston, MA). The U87

cell line (RRID:CVCL_0022) and RG2 cell line (RRID:CVCL_3581) were obtained from the American Type Culture Collection (ATCC;

Manassas, VA). With the exception of the GBM8 glioma stem-like cells, all cell lines were cultured in Minimum Essential Medium,

supplemented with 1% L-glutamine, 1% sodium-pyruvate, 1%MEM vitamins, 1% penicillin/streptomycin, 1% non-essential amino

acids and 10% fetal calf serum (all from Life Technologies, Carlsbad, CA) and maintained in 5% CO2 in humidified air at 37�C. GBM8

cells were cultured in 50% Neurobasal medium and 50% DMEM/F12 GlutaMAX supplemented with 2% B-27 without vitamin A (all

from Life Technologies) and 10 ng/mL bFGF and EGF (both from PeproTech; London, UK).49 All serum-cultured cell lines were stably

transfected with firefly luciferase and GFP as described previously.50 All cell lines have been authenticated by STR profiling using the

GenePrint 10 system (Promega; Madison, WI) within the last three years (see Table S1) and were cultured mycoplasma-free, as

confirmed by PCR. All cell lines were also tested negative for mouse pathogens by Impact I PCR profile (2) (IDEXX, Ludwigsburg,

Germany).

Animals
All mice were bred at the Netherlands Cancer Institute and were of Friends Virus B (FVB) strain. Male and female nude mice aged

between 8 and 15 weeks were healthy and naive. Wild-type (WT), Abcb1a/b�/� and Abcb1a/b;Abcg2�/� genotypes were used.

Mice were housed in individually ventilated cages using a 12 hours light /12 hours dark cycle. Animals had access to food and water

ad libitum. Experiments with animals were carried out according to Institutional guidelines, conform the code of practice for animal

research in oncology and in line with Dutch and European legislation. All animal experiments were approved by the local Animal Ex-

periments Committee.

Experimental in vivo tumor models
Adherent cells (Mel57, Mel57VEGF, U87, RG2) were detached by treatment with trypsin/EDTA (0.05%/0.02%). Trypsin was inacti-

vated by adding complete medium and cells were washed twice with Hanks Balanced Salt Solution (HBSS; Life Technologies). Cells

were maintained on ice and used within 6 hours. Neurosphere-cultured GBM8 cells were centrifuged (5 min, 200 g). The pellet was

resuspended in trypsin/EDTA (1:15) in saline for 1 min at 37�C and processed to a near single cell suspension by repeated trituration.

Experimental intracranial brain tumors were established by intracranial injection of a 2 mL cell suspension containing 1x105 cells

(Mel57-Fluc, U87-Fluc and GBM8-Fluc) or 5x103 cells (Mel57VEGF-Fluc and RG2-Fluc) as described previously.50 To establish

extracranial tumor models, 5x105 Mel57-Fluc cells were injected in a volume of 20 ml of HBSS under the renal subcapsule as

described previously.51 A small incision was made in the mouse left flank. The kidney was lifted out of the peritoneum and a 30 g
Cell Reports Medicine 2, 100184, January 19, 2021 e2
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needle was inserted into the lower pole and advanced until its tip reached just under the renal subcapsule. Subcutaneous RG2-Fluc

tumors were established by injection of 5x105 cells suspended in 50 ul of HBBS. Tumor size was measured using calipers and vol-

umes were calculated in mm3 by the formula: V = 0.5 x length x width2.

METHOD DETAILS

Drugs and compounds
Paclitaxel was fromBristol-Myers Squibb (New York, NY). Docetaxel was fromHospira (UK), Temozolomide (Temodal� 100mg hard

capsules) from Schering Plough BV (Utrecht, the Netherlands), 14C-aminoisobutyrate (AIB) from Tjaden Biosciences, (Burlington, IA)

and TexasRed (Sulfurodamine 101) and 10kD-Dextran-FITC both from Life Technologies.

Magnetic resonance imaging
Magnetic resonance imaging was done on a BioSpec 70/20 USR (Bruker; Billerica, MA) system using a sequence consisting of T2-

weighted, T1-weighted pre-contrast and T1-weighted post-contrast imaging. Gadoterate meglumine (Dotarem�; Guerbet; Ville-

pinte, France) diluted five-fold with saline was used as a contrasting agent and delivered via an intravenous cannula inserted in

the tail vein. Mice were anesthetized using isoflurane (Pharmachemie B.V., Haarlem, the Netherlands) delivered via a customized

mouse holder, and heart rate and breathing frequency were monitored throughout the entire procedure. Paravision software (v

6.0.1; Bruker) was used for image acquisition and Fiji52 (v 1.49b) was used for image processing.

Blood-brain barrier permeability analysis
Mice bearing established orthotopic brain tumors were administered 25 mCi of 14C-aminoisobutyrate (AIB) in 100 ml of saline,

Sulforhodamine 101 (Texas Red; TxRed; 6 mg/kg) and/or 10kD Dextran–fluorescein (5 mg/kg) and after 30 minutes anesthetized

with hypnorm/dormicum and subsequently perfused with saline. The brain was immediately frozen on dry ice in Tissue-Tek�
(Sakura Finetek Europe BV; Alphen aan den Rijn, the Netherlands) and kept at �80�C until sectioning. 14C-AIB extravasation

was visualized using autoradiography using a FLA-3000 phospho-imager (Fujifilm, Tokyo, Japan), whereas TxRed and 10kD-

Dextran-lluorescein were imaged using a Axio Scan.Z1 (Carl Zeiss; Oberkochen, Germany) and subsequently processed and

analyzed using ZEN Blue (v3.1; Carl Zeiss) and HALO (v3.1.10076.423; Indica Labs, Albuquerque, NM).

Histology and immunohistochemistry
Tumor-bearing mouse brains were fixed in 4% (v/v) formaldehyde, paraffin embedded and cut into 4 mm coronal sections that were

stained with hematoxylin and eosin (H&E), and for P-gp (1:200; 13978; Cell Signaling Technology; Danvers, MA) and BCRP (1:400;

ab24115; Abcam; Cambridge, UK). Sections were scanned and processed using an Aperio AT2 system and ImageScope software

v12 (both Leica; Wetzlar, Germany).

Drug concentration measurements
Tumor-bearing mice received 33 mg/kg docetaxel i.v. once. Four hours after administration, animals were sacrificed and the brains

were collected and divided into four parts: tumor, right (ipsilateral) hemisphere, left (contralateral) hemisphere and cerebellum. Tax-

ane concentrations in brain and brain tumor tissue samples were analyzed by LC–MS/MS as described previously.53

In vivo efficacy studies
Paclitaxel was administered i.v. twice at a dose of 20 mg/kg and docetaxel was applied i.v. twice at a dose of 33 mg/kg, as indicated

by arrows in each appropriate figure. The drug solutions were prepared with sterile saline to yield final concentrations of 2.0 and

3.3 mg/ml of paclitaxel and docetaxel, respectively and were administered by i.v. bolus injection into the tail vein using 10 ml per

gram body weight. Temozolomide was given p.o. at a dose of 100 mg/kg once daily for 5 consecutive days. The content of a temo-

zolomide capsule containing 100mg of active substance was dissolved in 2mL ethanol and 18mL saline to yield a solution of 5.0mg/

mL and was used within 60 minutes after preparation. The control group mice comprised a mix of WT and knockout mice, which

received only vehicle.

Bioluminescence images were acquired following i.p. D-luciferin (150 mg/kg; Promega; Madison, WI) using an IVIS 200 or IVIS

Spectrum system with Living Image software v4.5 (both PerkinElmer; Waltham, MA). Animals were stratified into treatment groups

(WT, Abcb1a/b�/� and Abcb1a/b;Abcg2�/� mice) and untreated controls (mix of strains) to achieve a similar mean biolumines-

cence reading within each cohort. The bioluminescence intensity of each individual animal at the day of start of treatment (day

0) was arbitrarily set at 100%. All subsequent measurements were recorded relative to this first measurement and converted to

their log-values. Mean ± standard error (SE) values were calculated and plotted in graphs. Micewere weighed daily weighed exam-

ined for abnormalities. The mice were humanely sacrificed based on bioluminescence imaging results or when weight loss ex-

ceeded 20% of the initial body weight. Following sacrifice, brains were collected in formalin and used to qualitatively assess

the tumor size by histology.
e3 Cell Reports Medicine 2, 100184, January 19, 2021
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Statistical calculations were done using the software package SPSS (v22; SPSS Inc; Chicago, IL). In vivo tumor growth curves were

compared using the General Linear Model repeated-measures procedure. All comparisons of docetaxel concentrations involving

more two experimental groups and multiple brain regions were done using two-way analysis of variance (ANOVA) followed by

post hoc Bonferroni tests. All group sizes can be found in the appropriate figure legends.
Cell Reports Medicine 2, 100184, January 19, 2021 e4
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