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BRAFV600-mutated melanoma brain metastases (MBMs) are responsive to

BRAF inhibitors, but responses are generally less durable than those of

extracranial metastases. We tested the hypothesis that the drug efflux trans-

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

(BCRP; ABCG2) expressed at the blood–brain barrier (BBB) offer MBMs

protection from therapy. We intracranially implanted A375 melanoma cells

in wild-type (WT) and Abcb1a/b;Abcg2�/� mice, characterized the tumor

BBB, analyzed drug levels in plasma and brain lesions after oral vemurafe-

nib administration, and determined the efficacy against brain metastases

and subcutaneous lesions. Although contrast-enhanced MRI demonstrated

that the integrity of the BBB is disrupted in A375 MBMs, vemurafenib

achieved greater antitumor efficacy against MBMs in Abcb1a/b;Abcg2�/�

mice compared with WT mice. Concordantly, P-gp and BCRP are

expressed in MBM-associated brain endothelium both in patients and in

A375 xenografts and expression of these transporters limited vemurafenib

penetration into A375 MBMs. Although initially responsive, A375 MBMs

rapidly developed therapy resistance, even in Abcb1a/b;Abcg2�/� mice, and

this was unrelated to pharmacokinetic or target inhibition issues. Taken

together, we demonstrate that both intrinsic and acquired resistance can

play a role in MBMs.

Metastatic melanoma patients historically have a poor

survival, mostly due to a lack of available effective che-

motherapeutics [1]. However, in the last decade signifi-

cant advances have been made that considerably

improved the outlook for metastatic melanoma patients.

These advances were kick-started by the discovery of

oncogenic BRAF mutations as an important driver in

melanoma [2]. The vast majority of BRAF mutations are
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in codon 600, substituting a valine for either a glutamic

acid, lysine, arginine, or aspartic acid, and result in con-

stitutively active BRAFV600E/K/R/D oncoproteins [3].

BRAFV600-positive melanoma cells can therefore prolif-

erate independently from external growth stimuli [2].

Importantly, BRAFV600 can be therapeutically targeted,

and three drugs have now been approved for treatment

of metastatic melanoma: vemurafenib [4], dabrafenib

[5], and encorafenib [6]. All three BRAFV600 inhibitors

have generated striking clinical responses and signifi-

cantly improved survival of metastatic melanoma

patients [7–9]. However, therapy resistance invariably

occurs, in most cases due to selection and outgrowth of

clones that carry additional mutations more down-

stream in the MAPK signaling pathway [10]. Therefore,

BRAF inhibitors are currently successfully combined

with MEK inhibitors (vemurafenib and cobimetinib

[11], dabrafenib and trametinib [12], and encorafenib

and binimetinib [6]), yielding further improved response

rates and survival [13–15].
Despite all the recent success in treatment of meta-

static melanoma, it is still unclear whether patients

with melanoma brain metastases (MBMs) benefit simi-

larly from BRAFV600 inhibitors as metastatic mela-

noma patients with extracranial metastases. In the

clinical studies that led to the approval of BRAFV600

inhibitors for metastatic melanoma, MBM patients

were excluded from study participation. Only recently,

clinical trials focusing specifically on MBM patients

have been set up, and the results from several phase II

trials appear to suggest that BRAFV600 inhibitors also

induce responses in MBMs [16,17]. However, these

responses were generally shorter than those achieved

in extracranial metastases, suggesting that resistance

occurs in MBMs even more rapidly than in extracra-

nial metastases [17]. The reason for this rapid resis-

tance in MBMs is unclear, but could be related to the

brain environment. Several preclinical studies have

demonstrated that vemurafenib [18,19], dabrafenib

[20], and encorafenib [21] exhibit very poor brain

penetration in mice as a result of efficient efflux by P-

glycoprotein (P-gp; ABCB1) and breast cancer resis-

tance protein (BCRP; ABCG2) at the blood–brain
barrier (BBB). These observations seem to be corrobo-

rated by a clinical study showing that the concentra-

tion of vemurafenib in cerebrospinal fluid (CSF) was

< 1% of the plasma concentration [22].

The BBB limits the brain penetration of many xeno-

biotics, including many anticancer agents [23], and can

consequently impact the intracranial anticancer effi-

cacy of small molecule drugs [24,25]. Importantly,

drug efflux transporters can restrict drug delivery and

efficacy even when the BBB is considered ‘leaky’ [26].

We therefore here investigate the impact of P-gp and

BCRP on the efficacy of vemurafenib against MBMs

in an intracranial mouse model of BRAFV600E-driven

melanoma. In line with the clinical data, we find that

MBMs can respond to vemurafenib, most likely as a

result of compromised BBB integrity. However,

vemurafenib achieved greater antitumor responses in

Abcb1a/b;Abcg2�/� mice, indicating that P-gp and

BCRP still play a protective role at the compromised

BBB of MBMs. Supporting this hypothesis, we find

that P-gp and BCRP are expressed in MBM-associated

brain endothelium both in patients and intracranial

xenografts in mice. Importantly, vemurafenib efficacy

could be improved by co-administration of the P-gp/

BCRP inhibitor elacridar, offering a potential clinical

strategy for increasing vemurafenib efficacy against

MBMs. Intriguingly, we also observed much more

rapid therapy resistance in the preclinical MBM model

compared with previously published extracranial mela-

noma mouse models, analogous to clinical observa-

tions. We conclude that BRAFV600-positive MBMs are

not only less responsive to vemurafenib because drug

efflux transporters at the BBB limit drug penetration

into the tumor, but also because they can rapidly

acquire resistance during treatment. Therefore, P-gp/

BCRP inhibitors might help to improve the clinical

response of MBMs to vemurafenib by increasing its

brain penetration, but pinpointing the mechanism

behind the brain-specific acquired resistance will likely

be necessary to produce durable responses.

Methods

Cell culture and drugs

A375 (RRID: CVCL_0132), K1735 (RRID: CVCL_F828),

and Mel57 (RRID: CVCL_4454) cells expressing firefly

luciferase and mCherry were cultured in minimum essential

medium (MEM) supplemented with 10% fetal bovine

serum (FBS), 1% penicillin/streptomycin, L-glutamine, non-

essential amino acids, sodium pyruvate, and MEM vita-

mins (all Life Technologies, Carlsbad, CA, USA). Mel57

cells were kindly provided by W. P. Leenders (Radboud

University Medical Center, Nijmegen, the Netherlands),

and K1735 and A375 were a gift from I. J. Fidler (MD

Anderson Cancer Center, Houston, TX, USA). A375 and

Mel57 cell lines have been authenticated by STR profiling

using the GenePrint 10 system (Promega, Madison, WI,

USA) 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, Ludwigs-

burg, Germany). Vemurafenib was purchased from LC

Laboratories (Woburn, MA, USA), vemurafenib-13C6 was

obtained from the Slotervaart Hospital pharmacy, and
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elacridar was generously provided by GlaxoSmithKline

(Research Triangle Park, NC, USA).

Animals

Mice were housed and handled according to institutional

guidelines complying with Dutch and European legislation.

All experiments with animals were approved by the Animal

Welfare Body of the Netherlands Cancer Institute under

DEC protocol 12.019. The animals were either athymic

(nude) mice of a > 99% FVB background with wild-type

(WT) or Abcb1a/b;Abcg2�/� genotype or C3H/HeN,

between 8 and 12 weeks of age. The animals were kept in a

temperature-controlled environment at 20.9 °C on a 12 h

light/dark cycle and received chow and acidified water

ad libitum.

Drug formulations

A stock solution (25 or 10 mg�mL�1) of vemurafenib was

dissolved in dimethyl sulfoxide (DMSO) and Cremophor

EL (1 : 1; both Sigma-Aldrich, St. Louis, MO, USA). The

working solution (2.5 or 1 mg�mL�1) was freshly prepared

prior to administration by diluting the stock solution with

saline on the day of administration. Elacridar (5 mg�mL�1)

was formulated in DMSO : Cremophor EL : water

(1 : 2 : 7) and prepared similarly.

Xenograft models and tumor growth monitoring

For subcutaneous xenograft models, 30 lL of cell suspen-

sion containing 3 9 106 A375 cells was injected into both

flanks of FVB WT and Abcb1a/b;Abcg2�/� nude mice. For

xenograft MBM models, stereotactic intracranial injections

(A375 and Mel57) or intracarotid injections (K1735) of mel-

anoma cells were performed as described previously [24,27].

For intracranial injections, FVB nude mice were injected

intracranially with 2 lL of A375 or Mel57 cell suspension

containing 1 9 105 cells 2 mm lateral, 1 mm anterior, and

3 mm ventral from the bregma. For intracarotid injections,

1 9 105 cells in 100 lL HBSS were injected in the left com-

mon carotid artery of C3H/HeN mice. Tumor growth was

measured by bioluminescence imaging (BLI) for intracranial

tumors and by caliper for subcutaneous tumors. The volume

of subcutaneous tumors was calculated in mm3 using the

modified ellipsoid formula (volume = 0.5 9 length 9

width2). Bioluminescence images were acquired following i.p.

D-luciferin (150 mg�kg�1; Promega) using an IVIS 200 or

IVIS Spectrum system with LIVING IMAGE software v4.5 (both

PerkinElmer, Waltham, MA, USA). Animals were stratified

into treatment groups to achieve a similar mean biolumines-

cence reading within each cohort. The bioluminescence

intensity of each individual animal on the day of the start of

treatment (Day 0) was arbitrarily set at 100%. All subse-

quent 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.

Magnetic resonance imaging

A BioSpec 70/20 USR (Bruker, Billerica, MA, USA) sys-

tem was used for magnetic resonance imaging (MRI), as

described previously [24]. The MRI sequence consisted of

T2-weighted, T1-weighted precontrast, and T1-weighted

postcontrast imaging. Gadoterate meglumine (Dotarem�;

Guerbet, Villepinte, France) diluted fivefold with saline was

used as a contrasting agent and delivered via an intrave-

nous cannula inserted in the tail vein. Mice were anesthe-

tized 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 FIJI

[28] (v 1.49b) was used for image processing.

Pharmacokinetic studies

To establish vemurafenib plasma kinetics, tumor-free FVB

WT, and Abcb1a/b;Abcg2�/� nude mice received vemurafe-

nib orally (p.o.) by gavage at indicated doses. Elacridar

(100 mg�kg�1) was administrated p.o. by gavage 4 h before

vemurafenib. Blood was sampled from the tail vein at

15 min, 1, 2, 4, 8, and 24 h after the administration. The

plasma was obtained by centrifugation (5 min, 2000 g,

4 °C). Vemurafenib was extracted from plasma by diethyl

ether liquid–liquid extraction. Extracts were dried using a

Savant SpeedVac Concentrator (Thermo Fisher Scientific,

Waltham, MA, USA), reconstituted in MeCN : water

(30 : 70), and subjected to liquid chromatography/tandem

mass spectrometry (LC/MS–MS) analysis.

Vemurafenib-13C6 was used as an internal standard.

To study its distribution in tumor-bearing mice, vemurafe-

nib was administered p.o. to tumor-bearing mice for 3 days

at a dose of 10 or 25 mg�kg�1 q.d., starting 14 days after

intracranial tumor cell injection. One group of mice received

10 mg�kg�1 vemurafenib 4 h after administration of

100 mg�kg�1 elacridar. Four hours after the third adminis-

tration, blood was collected by heart puncture, and whole

brains were dissected and divided into four parts: ipsilateral

hemisphere (tissue from the tumor-bearing hemisphere that

was free of macroscopic tumor tissue), contralateral hemi-

sphere (the tumor-free hemisphere), cerebellum and macro-

scopic tumor. In a follow-up experiment, tissues and plasma

were collected 4 h after 5 and 10 consecutive daily p.o.

administrations of vemurafenib. All tissues were weighed and

subsequently homogenized using a FastPrep�-24 (MP-Bio-

medicals, Irvine, CA, USA) in 3 mL 1% (w/v) bovine serum

albumin. All tissue samples were prepared for LC–MS/MS

analysis as described above for plasma samples.
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LC–MS/MS analysis

The LC–MS/MS system consisted of an API 3000 mass

spectrometer (Sciex, Framingham, MA, USA) coupled to

an UltiMate 3000 LC System (Dionex, Sunnyvale, CA,

USA). Samples were separated using a ZORBAX Extend-

C18 column (Agilent, Santa Clara, CA, USA), preceded by

a Securityguard C18 precolumn (Phenomenex, Utrecht, the

Netherlands). Elution was done using a mixture of mobile

phase A (0.1% formic acid in water (v/v)) and

mobile phase B (methanol) in a 5 min gradient from 20%

to 95% B, followed by 95% B that was maintained for

3 min and then re-equilibrated at 20% B. Multiple reaction

monitoring parameters were 490.2/383.1 (vemurafenib) and

496.2/389.1 (vemurafenib-13C6). System control and data

analysis were done using ANALYST
� 1.6.2 software (AB

Sciex, Foster City, CA, USA).

Efficacy studies in xenograft models

For the subcutaneous tumor model, therapy was initiated

2 weeks after implantation, when the tumor volume

exceeded 40 mm3. FVB WT and Abcb1a/b;Abcg2�/� nude

mice (n = 8) received 25 and 10 mg�kg�1 of vemurafenib

daily, respectively. Control mice (n = 8) received vehicle.

Tumor development was assessed by caliper twice a week.

For the intracranial tumor model, treatment was started

about 2 weeks after intracranial injection of tumor cells,

when full-blown tumors were present in all animals. WT and

Abcb1a/b;Abcg2�/� nude mice received vehicle, 25 mg�kg�1

vemurafenib, 10 mg�kg�1 vemurafenib plus 100 mg�kg�1 ela-

cridar, or 10 mg�kg�1 vemurafenib once daily for 10 consec-

utive days or in a 5 days on/2 days off/5 days on schedule,

as indicated in the relevant figure panels. Tumor growth was

monitored by BLI every 4 or 5 days. Mice were weighed

daily weighed examined for abnormalities. The mice were

humanely sacrificed based on BLI results or when weight loss

exceeded 20% of the initial body weight.

Histology, immunohistochemistry, and image

quantification

Mouse brains were fixed in 4% (v/v) formaldehyde.

Alternatively, whole heads without skin were fixed in 4%

(v/v) formaldehyde and 5% (v/v) glacial acetic acid and

subsequently decalcified using a 6.5% (v/v) formic acid

solution for 3 days at 37 °C. After fixation, samples were

paraffin embedded and sliced into 4 lm thick sections.

Whole head slides were stained for hematoxylin and

eosin (H&E), human vimentin (1 : 4000; M0725; Dako-

Cytomation, Glostrup, Denmark), P-gp (1 : 200; 13978;

Cell Signaling Technology, Danvers, MA, USA), BCRP

(1 : 400; ab24115; Abcam, Cambridge, UK), and CD31

(1 : 200; ab28364; Abcam). Vessel positivity for P-gp,

BCRP, and CD31, as quantified in Fig. 1B, was manu-

ally scored in at least 200 vessels per staining. Specific

antibody staining for P-gp and BCRP was validated pre-

viously using whole head slices from Abcb1a/b;Abcg2�/�

mice (fig. S2 from [26]).

Brain slides were stained for H&E, PDGFRb (1 : 50;

3169; Cell Signaling Technology), phospho-MET (1 : 150;

3077; Cell Signaling Technology), MET (1 : 100; AF527;

R&D Systems, Minneapolis, MN, USA), phospho-IGF1R

(1 : 40 000; sc-101703; Santa Cruz Biotechnology, Dallas,

TX, USA), AXL (1 : 100; 8661; Cell Signaling Technol-

ogy), NGFR (1 : 400; 8238; Cell Signaling Technology),

phospho-EGFR (1 : 600; ab40815; Abcam), EGFR

(1 : 200; ab52894; Abcam), BRAFV600E (1 : 100; E19290;

SpringBioscience, Pleasanton, CA, USA), phospho-ERK1/

2 (1 : 200; 4370; Cell Signaling Technology), phospho-

AKT (1 : 8000; 4060; Cell Signaling Technology),

phospho-S6 (1 : 1000; 2211; Cell Signaling Technology),

phospho-4EBP1 (1 : 100; 2855; Cell Signaling Technol-

ogy), 4EBP1 (1 : 1200; 9644; Cell Signaling Technology),

SOX10 (1 : 100; sc-17342; Santa Cruz Biotechnology),

MITF (1 : 100; 284 M-94; Cell Marque, Rocklin, CA,

USA), and Ki-67 (1 : 3000; ab15580; Abcam).

Fig. 1. Characterization of the A375 melanoma brain metastasis model. (A) T2-weighted, T1-weighted precontrast, and T1-weighted post-

gadolinium (Gd) contrast magnetic resonance imaging of A375 tumors grafted in the brains of wild-type (WT) nude mice. The tumor is

indicated by the white arrow. (B) Histochemical staining with hematoxylin and eosin (H&E) and immunohistochemical staining of human

vimentin (hVimentin), P-glycoprotein (P-gp), breast cancer resistance protein (BCRP), and CD31 of intracranial A375 melanoma tumors. Pie

charts represent quantifications of positively and negatively stained vessels within A375 tumors. Scale bars represent 100 lm (top panels)

and 20 lm (bottom panels). Sample sizes are indicated in the relevant panels. (C) Histochemical staining with hematoxylin and eosin

(H&E) and immunohistochemical staining of human vimentin (hVimentin), P-gp, BCRP, and CD31 of intracranial K1735 and Mel57 mela-

noma tumors. Scale bars represent 100 lm (top panels) and 20 lm (bottom panels). (D) Analysis of ABCB1, ABCG2, and CD31 gene

expression by endothelial cells in brain and skin lesions from metastatic melanoma patients. Single-cell RNA-Seq data was reported by

Smalley et al. [29] Sample sizes are indicated in the relevant panels. Differences in fractions of ABCB1, ABCG2, and CD31 expressing

cells between brain and skin lesions were compared using the Binomial test in which the skin fraction was considered as expected and

the brain fraction was considered as observed. Correlations between ABCB1 and ABCG2 expression were determined using simple linear

regression.
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Single-cell RNA-Seq data analysis

Single-cell RNA-Seq data from brain and skin lesions from

metastatic melanoma patients as reported by Smalley et al.

were accessed from http://iscva.moffitt.org [29].

Pharmacokinetic calculations and statistical

analysis

Pharmacokinetic parameters were calculated with PKSOLVER

[30]. All comparisons involving more than two groups were

analyzed by one-way ANOVA followed by Bonferroni

post hoc tests. Differences in fractions of ABC transporter-

expressing cells between brain and skin lesions were com-

pared using the Binomial test in which the skin fraction

was considered as expected and the brain fraction was con-

sidered as observed. Correlations were determined using

simple linear regression. Kaplan–Meier curves were drawn

using GRAPHPAD PRISM v7 (GraphPad Software, La Jolla,

CA, USA), and statistically significant survival differences

were determined using the log-rank test. Statistical signifi-

cance was accepted in all tests when P < 0.05.

Results

Characterization of the A375 melanoma brain

metastasis model

To characterize the BBB integrity of the A375 MBM

model, we subjected mice that were intracranially

injected with A375-FM cells to magnetic resonance

imaging and (immuno)histochemical analysis. Similar

to the clinical presentation of MBMs, intracranial

A375 tumors were visible on T2-weighted and T1-

weighted postgadolinium contrast MRI sequences

(Fig. 1A). Enhancement on T1-weighted MR images

after intravenous administration of a contrast agent

indicates a reduction in BBB integrity. However, the

BBB is not only a physical barrier but also a physio-

logical barrier because of the expression of a range of

efflux transporters, of which P-gp and BCRP are the

most dominant. Immunohistochemical staining of

these transporters in intracranial A375 tumors revealed

that the majority of the vasculature in these tumors

expresses P-gp and BCRP, as well as the endothelial

cell marker CD31, suggesting that the physiological

component of its BBB may still be functional

(Fig. 1B). Expression of P-gp and BCRP in the vascu-

lature of MBMs was confirmed in K1735 and Mel57

tumors, two other independent MBM models, and in

line with our previous observations (Fig. 1C) [26].

Interestingly, intracranial A375 tumors were also char-

acterized by large infiltrations of cells that resembled

neutrophils, as apparent from their morphology and

lack of staining for human vimentin. Melanomas are

generally considered to be highly immunogenic, and

widespread neutrophil infiltration could be a result of

the immunogenicity of the A375 model.

To assess whether the A375 MBM model faithfully

resembles ABC transporter expression at the BBB of

MBMs in patients, we analyzed single-cell RNA-Seq

data from melanoma brain and skin metastases

recently reported by Smalley et al. [29]. Although these

datasets, unfortunately, do not contain large numbers

of endothelial cells, they suggest that P-gp/ABCB1 and

BCRP/ABCG2 are expressed in MBM-associated

endothelial cells, albeit heterogeneously (Fig. 1D).

Importantly, hardly any expression was found in endo-

thelial cells from skin metastases, suggesting that these

transporters do not have an impact on skin lesions.

Finally, we could also observe that endothelial cells

associated with brain metastases tended to co-express

P-gp and BCRP to similar extents, while this correla-

tion did not occur in the relatively few endothelial cells

from skin metastases that express P-gp or BCRP.

Together, the observations from the Smalley et al.

dataset led us to conclude that the A375 MBM model

recapitulates the P-gp and BCRP expression found in

MBM patients.

Vemurafenib has intrinsic antitumor potential

against intracranial A375 tumors

The brain penetration of vemurafenib was previously

reported to be significantly higher (between approxi-

mately 20- and 80-fold) in Abcb1a/b;Abcg2�/� com-

pared with WT mice [18,19]. We therefore first studied

the efficacy of vemurafenib treatment against A375

tumors implanted in the brains of Abcb1a/b;Abcg2�/�

mice, as we expected these mice to be the most pharma-

cologically favorable recipients to establish the intrinsic

antitumor potential of vemurafenib against MBMs.

Indeed, two cycles of 5 days of 25 mg�kg�1 daily oral

vemurafenib induced regression and subsequent tumor

stasis of A375 tumors in these mice (Fig. 2A), without

affecting body weight (Fig. S1A). When the treatment

was stopped, tumor growth started at a similar speed as

untreated tumors, but a survival difference was already

established (Fig. 2B), indicating that vemurafenib is

intrinsically potent against MBMs.

Dose adaptions between WT and Abcb1a/b;

Abcg2�/� mice are needed to level the systemic

exposure of vemurafenib between strains

The aim of this study was to assess the impact of P-gp

and BCRP at the BBB on the intracranial efficacy of
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vemurafenib against MBMs by comparing WT and

Abcb1a/b;Abcg2�/� mice. The systemic exposure

and oral bioavailability of vemurafenib is known to be

attenuated by P-gp and BCRP [18,19]. This difference in

systemic exposure may confound a fair comparison

between the strains and a reduction of the dose in

Abcb1a/b;Abcg2�/� mice was deemed necessary. The

previous pharmacokinetic studies were conducted in

tumor-free mice and used different formulations than

the Cremophor-based formulation utilized in this study.

Therefore, we first assessed the plasma exposure in

tumor-free WT and Abcb1a/b;Abcg2�/� mice receiving

vemurafenib in a Cremophor-based formulation.

Abcb1a/b;Abcg2�/� mice received the same dose as WT

mice (25 mg�kg�1) or a reduced dose (10 mg�kg�1). WT

mice received the full dose (25 mg�kg�1) or the reduced

dose (10 mg�kg�1) with concomitant administration of

the P-gp/BCRP inhibitor elacridar (Fig. 2C). We admin-

istered vemurafenib 4 h after elacridar, as this is approx-

imately the tmax of oral elacridar in mice. Similar to

earlier studies, the plasma area under the curve (AUC)

was significantly higher in Abcb1a/b;Abcg2�/� mice
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Fig. 2. Intrinsic and acquired resistance of A375 tumors against vemurafenib in vivo. (A) Tumor growth and (B) survival of Abcb1a/b;Abcg2�/

� mice bearing intracranial A375 melanoma tumors treated with two rounds of 25 mg�kg�1 vemurafenib q.d. 9 5d or vehicle control.

Treatment periods are shaded in gray. Data are represented as mean � SE (n ≥ 7); **P < 0.01. Statistically significant survival differences

were determined using the log-rank test. (C) Oral vemurafenib plasma concentration–time curves in wild-type (WT) mice receiving

25 mg�kg�1, WT mice receiving 10 mg�kg�1 vemurafenib 4 h after administration of the P-glycoprotein (P-gp)/ breast cancer resistance pro-

tein (BCRP) inhibitor elacridar (Ela), Abcb1a/b;Abcg2�/� mice receiving 25 mg�kg�1 vemurafenib and Abcb1a/b;Abcg2�/� mice receiving

10 mg�kg�1 vemurafenib. Data are represented as mean � SD (n ≥ 5). (D) Tumor growth of subcutaneous A375 tumors grafted in WT or

Abcb1a/b;Abcg2�/� mice treated with various doses of vemurafenib administered q.d. 9 13d or vehicle control. Treatment period is shaded

in gray. Data are represented as mean � SE (n ≥ 7). (E) Tumor growth and (F) survival of WT and Abcb1a/b;Abcg2�/� mice bearing intracra-

nial A375 melanoma tumors treated with 25, 10, and 100 mg�kg�1 elacridar (Ela) or 10 mg�kg�1 vemurafenib q.d. 9 10d or vehicle control.

Treatment period is shaded in gray. Data are represented as mean � SE (n ≥ 8). Statistically significant survival differences were deter-

mined using the log-rank test. 5d, 5 days; 10d, 10 days; 13d, 13 days.
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compared with WT mice receiving the same dose

(Table 1). Notably, the terminal half-life of vemurafenib

was considerably shorter in WT mice, making accurate

leveling between strains by dose adjustments difficult.

Reducing the dose to 10 mg�kg�1 in Abcb1a/b;Abcg2�/�

mice resulted in a lower plasma AUC than WT at

25 mg�kg�1, but the trough levels were significantly

higher. Co-administration of elacridar to WT mice

yielded a vemurafenib plasma exposure similar to that

in Abcb1a/b;Abcg2�/� mice, suggesting that elacridar

efficiently inhibits systemic clearance mediated by P-gp

and BCRP.

In order to assess whether the dose leveling between

the strains was appropriate, we treated subcutaneously

grafted A375 tumors with 25 mg�kg�1 vemurafenib in

WT mice and 10 mg�kg�1 vemurafenib in Abcb1a/b;

Abcg2�/� mice for 13 consecutive days. Vemurafenib

penetration into subcutaneous tumors is similar in WT

and Abcb1a/b;Abcg2�/� mice and as we found that

vemurafenib was equally effective (Fig. 2D) and did

not result in body weight loss (Fig. S1B), we selected

these dose regimens for the efficacy study against

intracranial A375 tumors.

P-gp and BCRP limit vemurafenib efficacy against

intracranial tumors

We next grafted WT and Abcb1a/b;Abcg2�/� mice with

intracranial A375 tumors, to study whether P-gp and

BCRP at the BBB affect antitumor efficacy in an

MBM model. We again treated WT mice with

25 mg�kg�1 and used 10 mg�kg�1 vemurafenib for

Abcb1a/b;Abcg2�/� mice. We also added a group of

WT mice receiving 10 mg�kg�1 with concomitant ela-

cridar. In this case, we now found that vemurafenib

was more effective in Abcb1a/b;Abcg2�/� than in WT

mice (Fig. 2E). Again, we could not observe any weight

loss induced by any treatment regimen (Fig. S1C).

While vemurafenib only reduced A375 growth speed in

WT mice, it induced tumor regression in Abcb1a/b;

Abcg2�/� mice during the first 3 days of treatment.

Notably, however, while still under therapy, regrowth

occurred in these mice reaching a similar tumor growth

speed as in untreated animals before the completion of

treatment. As a result, survival was not significantly

extended (Fig. 2F). Pharmacological inhibition of P-gp

and BCRP by elacridar was less efficacious, as the

vemurafenib antitumor efficacy was greater in Abcb1a/

b;Abcg2�/� mice receiving 10 mg�kg�1 than in WT

mice receiving elacridar and the same dose of vemura-

fenib (Fig. 2E). Taken together, these data indicate that

P-gp and BCRP at the BBB can diminish the efficacy

of vemurafenib against MBMs.

P-gp and BCRP reduce vemurafenib penetration

in MBMs

P-gp and BCRP limit the brain penetration of vemura-

fenib by virtue of their efflux function at the BBB

[18,19]. However, it is unknown whether the penetra-

tion into MBMs is similarly affected, as these lesions

display signs of a compromised BBB on contrast-

enhanced MRI. We therefore measured the vemurafe-

nib distribution in tumor-bearing WT and Abcb1a/b;

Abcg2�/� mice after three daily administrations of

vemurafenib. We collected brain, tumor, and plasma

samples at approximately the tmax of vemurafenib (4 h

after the last administration). The vemurafenib plasma

concentration in WT mice receiving 25 mg�kg�1 was

around one-fourth of the concentration observed in

our previous pharmacokinetic experiment (Figs 2C

and 3A), whereas much smaller discrepancies were

observed in Abcb1a/b;Abcg2�/� mice (twofold) and

WT mice that also received elacridar (no difference).

Notably, these tumor-bearing mice in the later experi-

ment received three administrations of vemurafenib

and the tumor-free mice in the earlier experiment only

one. Therefore, these data could suggest induction of

P-gp and BCRP by repeated vemurafenib administra-

tion, resulting in increased clearance.

The apparent discrepancies in plasma concentration

do not affect the results of the brain penetration as we

always assess tissue–plasma ratio within each mouse.

The vemurafenib concentrations in different brain

regions differed greatly among all treatment groups

(Fig. 3B). As expected, the highest concentrations were

reached in Abcb1a/b;Abcg2�/� mice receiving

25 mg�kg�1 vemurafenib. The concentrations were

lower in Abcb1a/b;Abcg2�/� mice receiving 10 mg�kg�1

vemurafenib, but this was only a result of the lower

dose, as tissue–plasma ratios were similar between

both dose levels in Abcb1a/b;Abcg2�/� mice (Fig. 3C).

In line with previous reports, the vemurafenib penetra-

tion in normal brain regions of WT mice was negligi-

ble. The tissue–plasma ratios were very close to the

total blood volume of the murine brain (approximately

2%). Elacridar increased the vemurafenib concentra-

tion in healthy brain regions, but inhibition of P-gp

and BCRP was incomplete, since the levels and

brain-to-plasma ratios were significantly lower than in

Abcb1a/b;Abcg2�/� mice. Vemurafenib penetrated into

the tumor core in WT mice, but the levels were

approximately half of those achieved in Abcb1a/b;

Abcg2�/� mice. Elacridar was also not able to improve

the penetration of vemurafenib into the tumor core to

the same level as in Abcb1a/b;Abcg2�/� mice. These

data show that P-gp and BCRP can still limit
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vemurafenib penetration into MBMs, even when the

tumor lesion has compromised BBB integrity. These

drug distribution data are in line with the observed

intracranial antitumor efficacy (Fig. 2A,E), as vemura-

fenib tumor concentrations were similar between WT

mice receiving 25 mg�kg�1 and WT mice receiving

10 mg�kg�1 of vemurafenib with concomitant elacri-

dar, but lower than in Abcb1a/b;Abcg2�/� mice receiv-

ing 10 or 25 mg�kg�1 vemurafenib.

Intracranial A375 tumors develop therapy

resistance despite sufficient vemurafenib tumor

penetration and target inhibition

As mentioned above, the A375 MBM model is respon-

sive to vemurafenib, but developed therapy resistance

after just a few days of treatment in Abcb1a/b;Abcg2�/

� mice receiving 10 mg�kg�1 vemurafenib (Fig. 2E).

Since P-gp and BCRP are absent in these mice, we

reasoned that P-gp/BCRP-unrelated pharmacokinetic

phenomena may underlie the observed resistance. For

instance, induction of vemurafenib presystemic metab-

olism, systemic clearance, or efflux at the BBB by

other ABC transporters might result in diminished

vemurafenib brain concentrations after repeated

administrations. However, the vemurafenib concentra-

tions in various brain regions in tumor-bearing mice

treated for a short (5 days) or long (10 days) period

were not different in Abcb1a/b;Abcg2�/� mice and WT

mice also receiving elacridar (Fig. 4A–D). In fact, in

contrast to the observed antitumor efficacy at 5 and

10 days of treatment (Fig. 2E), the vemurafenib

Table 1. Pharmacokinetic parameters of vemurafenib after oral administration of different doses to wild-type (WT) and Abcb1a/b;Abcg2�/�

FVB mice. AUC, area under the curve; Cmax, maximum concentration in plasma; CL/F, apparent clearance after oral administration; t1/2, elimi-

nation half-life; tmax, time to reach maximum plasma concentration. Data are represented as mean � SD (n ≥ 5).

Parameter

Time

(h)

WT,

25 mg�kg�1

Abcb1a/b;Abcg2�/�,
25 mg�kg�1

WT,

10 mg�kg�1 + elacridar

Abcb1a/b;Abcg2�/�,
10 mg�kg�1

AUCplasma, lg�(mL�h)�1 0–4 147 � 28 140 � 16 38 � 5.7 56 � 7.2*

AUCplasma, lg�(mL�h)�1 0–24 390 � 98 530 � 68* 180 � 24 230 � 35

AUCplasma, lg�(mL�h)�1 0–∞ 390 � 99 610 � 84** 190 � 23 250 � 49

Cmax, lg�mL�1 42 � 7.7 41 � 4.5 12 � 1.7 17 � 1.7*

tmax, h 2.6 � 1.3 1.9 � 0.9 3.6 � 0.9 2.8 � 1.1

t1/2, h 2.1 � 0.2 8.5 � 1.2**** 5.8 � 0.6 6.7 � 1.4

CL/F, L�(kg�h)�1 0.07 � 0.017 0.04 � 0.006** 0.05 � 0.006 0.04 � 0.006

*P < 0.05, **P < 0.01, ****P < 0.0001, compared with WT mice receiving the same vemurafenib dose. Differences were analyzed by one-

way ANOVA followed by Bonferroni post hoc tests.
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Fig. 3. Vemurafenib concentrations in tumor and healthy brain of wild-type (WT) and Abcb1a/b;Abcg2�/� mice. (A) Plasma concentrations,

(B) brain tissue concentrations, and (C) tissue–plasma ratios in WT and Abcb1a/b;Abcg2�/� mice 4 h after receiving oral vemurafenib at

doses of 25, 10, or 10 mg�kg�1 4 h after receiving 100 mg�kg�1 oral elacridar (Ela). The contralateral hemisphere represents the tumor-free

hemisphere. The ipsilateral hemisphere is the hemisphere where the tumor was injected, from which all macroscopic tumor was removed.

Data are represented as mean � SD (n ≥ 3); *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, compared with WT mice receiving

25 mg�kg�1 vemurafenib; ++P < 0.01, +++P < 0.001, compared with the contralateral hemisphere level of the same group. Differences

were analyzed by one-way ANOVA followed by Bonferroni post hoc tests.
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concentration in the tumor regions of these mice was

even higher at the later time point (Fig. 4E). Notably,

we did find a considerably lower vemurafenib concen-

tration in plasma in long-term treated WT mice com-

pared with short-term treated WT mice (Fig. 4A).

Brain and tumor concentrations were also lower as a

consequence of the lower plasma concentration, as the

tissue–plasma ratios were unchanged over time

(Fig. 4F). Again, we found no reduction in vemurafe-

nib plasma concentration in Abcb1a/b;Abcg2�/� mice

or WT mice also receiving elacridar, indicating that

the reduction in vemurafenib concentration over time

in WT mice was mediated by P-gp and/or BCRP.

Since the vemurafenib concentration in responsive

short-term (5 days) treated tumors and resistant long-

term (10 days) treated tumors was similar, we explored

alternative ways by which intracranial A375 tumor

may acquire resistance in a small pilot cohort we had

available for immunohistochemical analysis (n = 2 per

group). Even though the cohort sample size was too

small to robustly detect subtle differences in expression

and therefore conduct quantitative analyses, we

expected that we would be able to qualitatively

observe whether any substantial biological effects

occurred. For instance, we observed canonical path-

way inhibition in vemurafenib-resistant MBMs, as

indicated by the profoundly reduced immunohisto-

chemical staining of downstream BRAFV600E targets

phospho-S6 and phospho-4EBP1 (Fig. 5). BRAFV600E,

phospho-ERK, and phospho-AKT were still low or

unaffected, suggesting that resistance occurred via non-

canonical growth signaling, as the proliferation marker

Ki-67 was similarly unaffected. Upstream growth fac-

tor receptors are likely candidates for such a mecha-

nism and have been demonstrated to mediate

resistance to BRAFV600 inhibitors before [31–34].
However, PDGFRb, AXL, NGFR, MET, and EGFR

expression did not seem to be increased in resistant
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Fig. 4. Vemurafenib concentrations in short-term and long-term treated intracranial A375 tumors. Vemurafenib concentrations in (A) plasma,

(B) contralateral brain, (C) ipsilateral brain, (D) cerebellum, and (E) tumor after short-term (5 days; 5d) and long-term treatment (10 days; 10d)

of A375 melanomas brain metastases. Tumor-bearing wild-type (WT) or Abcb1a/b;Abcg2�/� mice orally received 25, 10 or 10 mg�kg�1

vemurafenib, and 100 mg�kg�1 oral elacridar (Ela). Data are represented as mean � SD (n ≥ 3); *P < 0.05, **P < 0.01, ****P < 0.0001,

compared with short-term treated tumors of the same group. Differences were analyzed by one-way ANOVA followed by Bonferroni post

hoc tests. (F) Vemurafenib tissue–plasma ratios for different brain regions in 5 and 10 day-treated tumors. Data are represented as

mean � SD (n ≥ 3); **P < 0.01, ***P < 0.001, ****P < 0.0001, compared with WT animals treated with 25 mg�kg�1 vemurafenib;
++P < 0.01, +++P < 0.001, ++++P < 0.0001, compared with the contralateral hemisphere region within the same treatment group. Differ-

ences were analyzed by one-way ANOVA followed by Bonferroni post hoc tests.

105FEBS Open Bio 14 (2024) 96–111 ª 2023 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

P. Zhang et al. Vemurafenib resistance in melanoma brain metastases

 22115463, 2024, 1, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/2211-5463.13730 by U

trecht U
niversity, W

iley O
nline L

ibrary on [17/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



tumors and neither was signaling through phospho-

IGF1R, phospho-MET or phospho-EGFR. In fact,

PDGFRb expression appeared to be diminished by

vemurafenib treatment. Furthermore, we could not

detect large differences in expression of transcription

factors that have been implicated in acquired resis-

tance mechanisms such as SOX10 [33] and MITF [31].

Taken together, these findings suggest that rapid resis-

tance in intracranial A375 tumors does not occur via

pharmacological processes but through acquiring pre-

viously unreported noncanonical growth signaling.

Discussion

The introduction of BRAF and MEK inhibitors has

dramatically improved the survival of metastatic mela-

noma patients. However, clinical responses in MBMs

are less durable than those in extracranial metastases,

suggesting MBMs may be intrinsically resistant to

therapy [16]. By using a preclinical mouse model, we

here show that although BRAFV600E-positive MBMs

cause a disruption of BBB integrity, P-gp and BCRP

are expressed in the tumor blood vessels, thereby

reducing the efficacy of vemurafenib by limiting its dis-

tribution into MBM lesions. Furthermore, by using

Abcb1a/b;Abcg2�/� mice we found that BRAFV600E-

positive MBMs are initially responsive to vemurafenib

in the absence of P-gp and BCRP. However, they rap-

idly acquire resistance in the brains of these mice. This

acquired resistance is not due to reduced levels of vemur-

afenib in the tumor, also not after repeated exposure.

Therefore, BRAFV600E-positive MBMs must acquire

resistance to therapy by resorting to noncanonical prolif-

eration signaling. However, no evidence was found that

p-ERK1/2

p-AKT

NGFR

PDGFRβ

AXL

Ki-67

p-IGF1R

p-MET

MET

p-EGFR

EGFR

MITF

SOX10BRAFV600E

H&E
200 μm

p-4EBP1

4EBP1

p-S6

Control

Vemurafenib
10mg/kg
qd x 10d Control

Vemurafenib
10mg/kg
qd x 10d Control

Vemurafenib
10mg/kg
qd x 10d

Fig. 5. Immunohistochemical analysis of vemurafenib-resistant A375 melanoma brain metastases. Tumors growing in Abcb1a/b;Abcg2�/�

mice treated orally with 10 mg�kg�1 vemurafenib 9 10d (resistant stage) were stained for various markers and compared with untreated

tumors. Scale bar represents 200 lm. AXL, tyrosine-protein kinase receptor UFO; H&E, hematoxylin and eosin; Ki-67, proliferation marker

protein Ki-67; MITF, microphtalmia transcription factor; NGFR, neural growth factor receptor; p-4EBP1, phospho-eukaryotic translation initia-

tion factor 4E-binding protein 1; p-AKT, phospho-AKT; PDGFRb, platelet-derived growth factor receptor b; p-EGFR, phospho-epidermal

growth factor receptor; p-ERK, phospho-extracellular single-regulated kinase; p-IGF1R, phospho-insulin-like growth factor 1 receptor; p-MET,

phospho-MET; p-S6, phospho-ribosomal protein S6; SOX10, sex-determining region Y-box 10. 10d, 10 days.
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this occurs via previously described resistance mecha-

nisms in extracranial melanomas [31–34].
The BBB limits the brain penetration and antitumor

efficacy of treatment for primary brain tumors such as

glioblastoma and diffuse intrinsic pontine glioma [35].

However, its impact on the treatment of brain

metastases is less well established [36]. Brain metastases

usually demonstrate contrast enhancement on T1-

weighted MR imaging, indicating a loss of BBB integ-

rity. Moreover, MBMs grow as relatively circumscribed

lesions without much invasion of surrounding brain and

remain in the vicinity of the vasculature [37,38]. Conse-

quently, MBM cells are rarely found outside of the

contrast-enhanced brain regions where the BBB is

intact. Therefore, clinical responses can be observed

with poorly brain-penetrable drugs such as vemurafenib.

These responses lead some to conclude that the rele-

vance of the BBB is limited in brain metastases. Con-

trast enhancement on MR images indeed indicates a

physical disruption of the BBB integrity, as tight junc-

tions normally prevent paracellular diffusion of contrast

agents. However, despite this loss of integrity, the drug

efflux transporters P-gp and BCRP can still be func-

tional in these brain lesions [26]. In line with this hypoth-

esis, we observed increased efficacy of vemurafenib

against a BRAFV600E-positive MBM model that dis-

plays T1-weighted MRI contrast enhancement when

these tumors were grafted in Abcb1a/b;Abcg2�/� mice

and when vemurafenib was combined with the P-gp/

BCRP inhibitor elacridar in WT mice. Hereby, we

showed that even when BBB integrity is lost, brain pene-

tration and antitumor efficacy of targeted agents that

are substrates of P-gp and/or BCRP can still be limited.

The BBB may thus limit the efficacy of BRAF

inhibitors against BRAF-mutated tumors residing in

the brain. These do not only include brain metastases

of melanoma [39] and nonsmall cell lung cancer [40],

but also subsets of several different of primary adult

[41] and pediatric [42] brain tumors. The expression of

P-gp and BCRP in vessels of primary brain tumors is

well-documented [35,43]. Unfortunately, there are only

two papers on P-gp or BCRP expression in blood ves-

sels of brain metastatic lesions. Richtig et al. [44]

reported a general lack of P-gp expression in MBMs,

whereas the blood vessels of various subtypes of breast

cancer brain metastases were positive for BCRP [45].

The results in human MBMs are not in line with our

results in mice. This may be related to the size of the

lesion, as stainings in human samples were all done on

relatively large lesions that may depend more

on angiogenesis. Notably, BCRP may be a more

important drug efflux transporter in humans than in

mice, since it is more abundantly expressed [46].

To maximize the potential of BRAF inhibitor ther-

apy against intracranial malignancies, it is important

to optimize its pharmakinetic and pharmacodynamic

parameters. In that regard, vemurafenib does not

appear to be the superior BRAF inhibitor. Pharmaco-

kinetically, the brain–plasma ratios of oral vemurafe-

nib in WT mice are around 0.02 [18,19], for

encorafenib roughly 0.004 [21] and for dabrafenib

approximately 0.1 [20]. While a brain–plasma ratio of

0.1 for dabrafenib is still quite poor, it is clearly better

than those of vemurafenib and encorafenib. Dabrafe-

nib is also pharmacodynamically superior, as its IC50

against A375 cells is 4 nM [47]. Encorafenib is similary

potent against A375 cells (IC50 = 4 nM), but the IC50

of vemurafenib is approximately 100-fold higher at

rougly 500 nM [48,49]. As a consequence of the higher

potency, plasma levels of dabrafenib given at therapeu-

tic doses are about 20- to 50-fold lower [50]. Neverthe-

less, these data suggest that dabrafenib may be the

inhibitor of choice for treatment of BRAF-mutated

intracranial tumors. This notion seems to be supported

by clinical data. MBM patients receiving vemurafenib

had a median overall survival of 4.3 months [51], com-

pared with 7 months for dabrafenib treatment alone

[16]. To what extent this superior overall survival can

be attributed to the higher intrinsic potency of dabra-

fenib and how much to its higher brain penetration is

unclear, but both characteristics are likely to have con-

tributed. In summary, the currently available data

seems to suggest that dabrafenib-based treatment regi-

mens have superior efficacy and that co-adminstration

of P-gp/BCRP inhibitors such as elacridar may further

enhance their efficacy.

Next to reduced sensitivity caused by the BBB, we

observed a striking development of acquired resistance

that occurred much more rapidly than is typically

reported for extracranial tumor models [52]. Interest-

ingly, these data seem to be in line with observations in

metastastatic melanoma patients. In a phase II study

investigating dabrafenib and trametinib combination

therapy in metastatic melonoma patients with brain

metastases, similar intracranial and extracranial

response rates (approximately 50%) were observed [17].

However, the duration of response was considerably

shorter for intracranial metastases (6.5 months) than

for extracranial metastases (10.2 months). The reason

why MBMs acquire therapy resistance more rapidly is

not yet understood. Several resistance mechanisms to

BRAF inhibitors have been described to date [53].

Notable mechanisms include increased EGFR signaling

[33], increased PDGFRb signaling [32] and a low

MITF/AXL ratio [31]. The previously reported effect

sizes of these mechanisms are quite striking and since
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we could not detect any major changes in our pilot

cohort of resistant intracranial A375 tumors these

mechanisms appear not be implicated in the resistance

we observed (Fig. 5). A very recently discovered resis-

tance mechanism is the acquisition of a secondary

BRAF mutation resulting in a BRAFV600E/L514V onco-

protein [54], but this is unlikely to occur in our A375

MBM model as this mutation would lead to increased

canonical MAPK pathway signaling, which we did not

observe. Microenvironment-related resistance mecha-

nisms exerted by reactive astrocytes have also been pro-

posed [37]. For instance, factors secreted by astrocytes

have been demonstrated to increase AKT signaling in

melanoma cells in vitro [55]. This specific mechanism is

unlikely to have occurred in our study, as we did not

observed increased p-AKT levels in resistant tumors

(Fig. 5). However, it does indicate that the microenvi-

ronment can contribute to acquired therapy resistance.

Indeed, a potential role for the MBM microenviron-

ment may also help to explain the observed differential

clinical responses of intracranial and extracranial

metastases [17].

Taken together, this study demonstrates that

BRAFV600E-positive MBMs are not only less sensitive

to vemurafenib because they are still partially pro-

tected by expression of P-gp and BCRP in the dis-

rupted BBB, but they can also rapidly acquire

resistance likely dependent on the unique microenvi-

ronment of the brain. Adding a P-gp/BCRP inhibitor

to BRAF inhibitor therapy may therefore improve sur-

vival by overcoming intrinsic resistance of MBMs.

However, understanding the mechanism behind the

apparent brain-specific acquired resistance will likely

be necessary to induce long-term responses.
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Fig. S1. Body weight curves from intervention studies

presented in Fig. 2. (A) Average mouse body weights

from the experiment presented in Fig. 2A-B. Treat-

ment periods are shaded in gray. Data are represented

as mean � SD (n ≥ 7). (B) Average mouse body

weights from the experiment presented in Fig. 2D.

Treatment period is shaded in gray. Data are repre-

sented as mean � SD (n ≥ 7). (C) Average mouse

body weights from the experiment presented in Fig.

2E-F. Treatment period is shaded in gray. Data are

represented as mean � SD (n ≥ 8).
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