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Abstract

In malignant glioma, cytotoxic drugs are often inhibited from accessing the tumor site due to the blood-tumor bar-
rier (BTB). Ibrutinib, FDA-approved lymphoma agent, inhibits Bruton tyrosine kinase (BTK) and has previously been
shown to independently impair aortic endothelial adhesion and increase rodent glioma model survival in combina-
tion with cytotoxic therapy. Yet additional research is required to understand ibrutinib’s effect on BTB function. In this
study, we detail baseline BTK expression in glioma cells and its surrounding vasculature, then measure endothelial
junctional expression/function changes with varied ibrutinib doses in vitro. Rat glioma cells and rodent glioma mod-
els were treated with ibrutinib alone (1-10 uM and 25 mg/kg) and in combination with doxil (10-100 uM and 3 mg/
kg) to assess additive effects on viability, drug concentrations, tumor volume, endothelial junctional expression

and survival. We found that ibrutinib, in a dose-dependent manner, decreased brain endothelial cell-cell adhesion
over 24 h, without affecting endothelial cell viability (p <0.005). Expression of tight junction gene and protein expres-
sion was decreased maximally 4 h after administration, along with inhibition of efflux transporter, ABCB1, activity.

We demonstrated an additive effect of ibrutinib with doxil on rat glioma cells, as seen by a significant reduction

in cell viability (p <0.001) and increased CNS doxil concentration in the brain (56 ng/mL doxil alone vs. 74.6 ng/mL
combination, p <0.05). Finally, Ibrutinib, combined with doxil, prolonged median survival in rodent glioma models
(27 vs. 16 days, p <0.0001) with brain imaging showing a —53% versus —75% volume change with doxil alone ver-
sus combination therapy (p <0.05). These findings indicate ibrutinib’s ability to increase brain endothelial permeability
via junctional disruption and efflux inhibition, to increase BTB drug entry and prolong rodent glioma model survival.
Our results motivate the need to identify other BTB modifiers, all with the intent of improving survival and reducing
systemic toxicities.
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Introduction

One of the crucial treatment challenges of glioblastoma
is the restrictiveness of the blood—brain barrier/blood-
tumor barrier (BBB/BTB). Glioma progression has been
linked to BTB (blood- disruption, causing increased per-
meability due to structural changes from angiogenesis,
astrocytic end feet displacement, and neuronal death
[1]. Specifically in high-grade gliomas, structural abnor-
malities across the BTB can lead to extravasation of
blood contents, including solutes, antibodies, fluorescent
markers, and immune cells [2]. However, the BTB dem-
onstrates heterogeneous permeability. Specifically, high-
grade gliomas have certain intact sections of BTB, which
aid in continued tumor growth, invasion, and limitation
of therapeutic drug penetration, leading to disease pro-
gression and treatment resistance [3]. To overcome these
challenges, it is essential to identify BTB modulators that
can transiently increase permeability and help the entry
of chemotherapy or directed cytotoxic agents in such
restricted areas.

The BBB is one of the main components of the neu-
rovascular unit which includes endothelial cells, peri-
cytes, and astrocytic end feet working harmoniously. In
a healthy person, the BBB maintains the central nervous
system (CNS) homeostasis by regulating the entry and
exit of drugs, molecules, and toxins [4]. The key player
of the BBB is endothelial cells, mesodermally derived,
modified simple squamous epithelial cells that comprise
blood vessel walls and are in the most direct contact with
blood that circulates throughout the brain [5]. Mecha-
nisms of BBB permeability are mostly centered around
the expression and function of endothelial tight junctions
along with membrane transport proteins, such as ATP
binding cassette (ABC) transporters. These endothelial
cells are held together by bicellular and tricellular junc-
tion proteins that aid in communication for paracellular
transport of drugs, cells and immunologics. Bicellular
junctions include the claudin proteins (claudin-1, clau-
din-3, claudin-5), zonula occluden (ZO-1, ZO-2) and
tricellular junctions include (angulin-1/LSR, tricellulin/
MarvelD2). Brain endothelial cells also express excep-
tionally high levels of nutrient transport proteins such as
ABC transporters, mainly localized on the luminal side
of the vasculature, to assist with pumping specific cyto-
toxic chemotherapies out of the cell [6, 7]. Both endothe-
lial cells and malignant glioma cells have been reported
to express high levels of ABC transporters, specifically
P-glycoprotein (P-gp) (encoded by the—ABCB1 gene),
ABCG2 and ABCC4 [8, 9]. Overall, these mechanisms
are regulated through various modalities, including direct
communication with the CNS and neuroimmune modu-
lators released by nearby cells. The dynamic nature of the
BBB allows for permeability adjustment in response to
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changes in the microenvironment, especially in the pres-
ence of malignant glioma cells [10, 11].

Ibrutinib is an FDA-approved B-cell lymphoma/lym-
phocytic leukemia agent that inhibits BTK (Bruton
tyrosine kinase) activation, leading to decreased B-cell
receptor signaling and decreased proliferative poten-
tial. In cardiac endothelium, ibrutinib inhibits vascular
cell adhesion, platelet aggregation, and the associated
inflammatory responses that occur during endothelial
cell activation [12]. Additionally, ibrutinib has proper-
ties that favor BBB permeability, with a low molecular
weight (440 Da), nonpolar characteristics, and hydropho-
bicity [12, 13]. Previous studies demonstrated its ability
to inhibit downstream cell survival pathways, synergize
with radiotherapy, impair glioma-derived pericyte cov-
erage, and prolong survival in mouse glioma models
when combined with etoposide [14-16]. However, lit-
tle is understood about its effect on brain endothelial
junctional tightness, its interaction with brain capillary
endothelial cell ABC transporters, or influence on CNS
pharmacokinetics [17].

In this study, we demonstrated the effect of ibrutinib
on brain endothelial junctional expression and integrity,
while also detailing its ability to decrease glioma progres-
sion in combination with a chemotherapy agent with lim-
ited CNS entry. These studies specifically focused on the
BTB’s supportive role can serve as a window into under-
standing the steps required for malignant glioma pro-
gression and disease severity, with the overall intent to
improve treatment options.

Materials and methods

Cell culture and reagents

Rat brain microvascular endothelial cells (RBMVEC)
were cultured using manufacturer instructions (Cell
Application, CA). Cells were grown for 5-7 days for all
experiments to establish a monolayer. Rat high grade
glioma cells (S635) were obtained as a gift from D. Big-
ner Lab (Brain Tumor Center, Duke University) [18].
They were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) (Corning,MA) supplemented with
10% fetal bovine serum (FBS) (Gibco, NY) and 1% Peni-
cillin Streptomycin (10,000 U/mL) (Gibco, NY). MDR-19
cells that overexpress human P-gp were used for ABCB1
flow cytometry functional studies with rhodamine with
and without valspodar, as has been described previously
[19]. Ibrutinib (Medchem express, NJ) was dissolved in
DMSO. Injectable Doxil (Baxter Healthcare, IL) was used
for in vitro and in vivo treatments.

Impedance and migration assay
To measure cell-cell integrity and migration, an Agi-
lent xCELLigence Real-Time Cell Analysis (RTCA) DP
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(dual purpose) instrument was used to quantify cell-
cell impedance or cell migration according to manufac-
turer protocol. Specifically, cells were seeded in a 16-well
xCELLigence E plate (Agilent, CA) or (CIM) plates (Agi-
lent, CA) at a concentration of 60,000 cells/well. Cells
were cultured overnight, followed by 3 h of serum star-
vation, and treated with ibrutinib (0, 1, 5, 10 uM). Cell
index, via gold microelectrode biosensors, was measured
as an indicator of impedance or migration from 0 to 48 h
maximum, as described previously [20]. Specifically, for
migration studies, cells were plated in the upper CIM-
plate chamber. The bottom surface of the upper chamber
was composed of a microporous membrane that allows
cell migration. Gold electrodes on the underside of the
membrane detect adherent cells. The impedance micro-
electric sensor on the porous membrane automatically
detected cells as they migrated through the porous mem-
brane and attached to the impedance microelectrode in
the lower chambers. Changes in the unitless parameter,
cell index, were measured in real-time by xCELLigence
software.

Quantitative polymerase chain reaction analysis

Total RNA was isolated from RBMVECs cell lines using
RNeasy Mini isolation kits (Qiagen), and 0.5 pg of RNA
was reverse transcribed into complementary cDNA using
Superscript III First-strand SuperMix (Thermo Fisher
Scientific). cDNA (2 uL) was used for qPCR using SYBR
Green PCR mast mix (Applied Biosciences) and prim-
ers (Additional file 3: Table 1) with a Vii A 7 Real-Time
PCR system (Applied Biosciences). Gene expression lev-
els were determined by the 2724¢* method. All experi-
ments were performed in triplicate and normalized to
18 s rRNA.

Small Interfering RNA Knockdown of BTK

RBMVECs were incubated with small interfering (si)
RNAs (50 nmol/L) to BTK or nontargeting siRNAs
(Thermo Fisher Scientific). Briefly, 0.5x10° cells were
transfected with Lipofectamine 2000 (Invitrogen) and
placed in a complete medium for 24 h per manufacturer
protocol. BTK2 exhibited the highest knockdown effi-
ciency after 24 h, evaluated by qPCR, and was selected
for downstream studies as described below.

Cell viability assay

Cells were seeded in a 96-well plate at 0.5-4x 10* cells/
well for 24 h. Ibrutinib (0, 1, 5, 10 pM) or doxil (10 uM
and 100uM) as in figure was treated for 24 h, and viability
was measured using the CellTiter-Glo assay per manu-
facturer’s protocol (Promega, W1I), and luminescence was
recorded by a luminometer (BioTek, VT).
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Immunoblotting

RBMVECs were plated at 1x 10° cells per well in a 6-well
plate and grown until confluent. Cells were treated
with 10 uM of ibrutinib for different hours. Cells were
lysed with a mixture of RIPA buffer (Thermo Fisher Sci-
entific, MA), protease inhibitor cocktail (Thermo Fisher
Scientific, CA), sodium orthovanadate (BioLab, CA),
and PMSF (Cell signaling, CA). Protein concentration
was measured using the Bradford method (Bio-rad, CA).
For each sample, 20 pg of denatured protein was loaded
on 10% NuPage Bis—Tris gels (Thermo Fisher), a PVDF
membrane was used, and proteins were transferred. The
membrane was incubated in blocking buffer (Licor, NE)
for 1 h at room temperature and incubated with primary
antibody (Additional file 4: Table 2) overnight at 4 °C.
Images were detected by Odyssey Imager (Licor).

Immunofluorescence and electron microscopy

RBMVECs were seeded on 8 well chamber slides (Corn-
ing, MA), coated with cell attachment factor, and cul-
tured until confluent. Cells were treated with 10 pM of
ibrutinib for 4 h or 24 h. Cells were fixed with 4% formal-
dehyde for 20 min, followed by phosphate buffered solu-
tion (PBS) washed 3 times, and then permeabilized with
0.5% Triton X-100 for 5 min at room temperature. Cells
were blocked with 1% bovine serum albumin (BSA) for
1 h at room temperature and incubated at 4 °C overnight
with primary antibodies anti-ZO-1 (Thermo Fisher Sci-
entific, CA). Slides were washed with phosphate-buffered
saline, incubated with Alexa Fluor secondary antibodies
(Life Technologies, CA) and, mounted using Prolong-
Gold Antifade with DAPI, and analyzed with Leica Stel-
laris microscope.

Rat brain endothelial cells were fixed with 4% glutaral-
dehyde in 0.1 M cacodylate buffer at pH 7.4 for 30 min to
1 h at room temperature and then stored at 4 °C. Samples
were post-fixed with 1% osmium tetroxide in 0.1 M caco-
dylate buffer for 1 h on ice and stained with 1% uranyl
acetate in 0.1 N acetate buffer at pH 5.0 overnight at 4 °C.
Samples were then dehydrated in a graded series of etha-
nol and embedded in epoxy resins. Thin sections were cut
at approximately 70 nm and counterstained with lead cit-
rate. Images were photographed with a bottom mounted
digital CCD camera (AMT XR-100, Danvers, MA, USA)
on a JEOL 1200 EX transmission electron microscope at
60 kV. At least 6 varied regions of the section were evalu-
ated to determine presence of differences with and with-
out treatment.

Caspase 3/7 apoptosis assay
Apoptosis was assessed with the Caspase-Glo 3/7 Assay
(Promega). S635 cells were grown in 96-well plates and
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treated with ibrutinib alone (10 pM), doxil alone (10 pM,
100 pM) and ibrutinib (10 pM) with doxil (10 pM,
100 uM) added for 24 h [21]. The following day, 100 pL
of Caspase-Glo 3/7 was added and incubated for 2 h at
37 °C. Luminescence was measured using a luminometer
(BioTek, VT) per manufacturer specifications.

In vitro permeability assay/Rhodamine 123 uptake assay
For the permeability assay, 3x10° RBMVEC cells were
plated in the upper chamber of 12-well tissue culture
inserts (Corning, ME) pre-coated with gelatin (Fisher,
NH) for 5 days. Approximately, 10 mg/mL of sodium flu-
orescein (MW 376) was added to endothelial cells then
treated with PBS or 10 uM ibrutinib for 24 h. Low cham-
ber of sodium fluorescein measured after 24 h was evalu-
ated using a luminometer (BioTek, VT) per manufacturer
specifications. Fluorescent rhodamine intracellular accu-
mulation was measured by FACS Canto II flow cytom-
eter (BD Biosciences, CA). RBMVEC and S635 cells were
trypsinized and incubated for 30 min with a medium
containing 0.5 ug/mL rhodamine 123 (in phenol red-free
DMEM) in the absence or presence of the known P-gp/
ABCBI inhibitor valspodar (3 pg/mL) or varying concen-
trations of ibrutinib (1, 5, 10 pM). The medium was then
removed and replaced with a rhodamine-free medium,
continuing with or without inhibitors for an additional
1 h. Subsequently, intracellular fluorescence was analyzed
with FlowJo software (v 10.6.1, Tree Star, Inc, Ashland,
OR).

Rat glioma-allograft model and drug treatment

All animal procedures followed the National Institutes of
Health Animal Use and Care (ACUC) Guidelines. Female
Fischer 344 rats (5 weeks old, ENVIGO) were anes-
thetized by isoflurane inhalation (induced with 5% and
maintained with 2% isoflurane in oxygen) and positioned
in a stereotactic head frame. A total of 1x 10* $635 glio-
blastoma cells (gifted from Duke University, Durham,
NC) in 3 pl of PBS were implanted into the right hemi-
sphere (2 mm anterior and 2 mm lateral to the bregma;
4 mm depth) using 33-gauge Hamilton syringe connected
to UMP3T pump (WPI, Sarasota, FL) at a flow rate of
0.5 ul/min. Seven days after implantation, rats were ran-
domized into 4 groups (4—7 animals per group) and sub-
jected to 25 mg/kg of ibrutinib gavage injection on days
7-14 and 3 mg/kg of doxil tail vail injection on days 7 and
14.

Magnetic resonance imaging and analysis

Magnetic resonance imaging (MRI) was performed in
a 4.7-Tesla Bruker Avance III MRI system with ParaVi-
sion 6 software (Bruker, Billerica, MA). After anesthesia,
the rats were placed on a custom cradle equipped with a
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nose cone and bite bar to reduce ancillary head motion.
Before the MRY], a tail vein line was placed and kept open
with heparinized saline. MRI scans used 0.1 mmol/kg
Gadovist " as a T1-weighted contrast agent. Following
an initial set of localizer scans, a 1 mm axial slices were
scanned that covered the brain. The MRI data was ana-
lyzed using the Image] software (version 1.53, NIH).

Quantification of Doxil distribution

Two hours after the final doxil administration on day 14,
intracardiac blood was collected under deep anesthesia,
and animals were perfused with saline to rinse unab-
sorbed doxil. The tumor-bearing brain, and contralat-
eral counterparts were harvested, homogenized, and
incubated in acidified ethanol for 1 day at 4 °C to extract
doxil. Samples were centrifuged at 16,000 g for 25 min
at 4 °C and supernatant was extracted. Doxil concen-
tration in the brain and plasma were quantified using a
fluorometric assay with a microplate reader (Cytation 5,
BioTek, VT) as previously described [22]. Fluorescence of
free doxorubicin release from doxil measurements were
quantified approximately 2 h after doxil administration,
as previous studies have outlined optimized timing [23,
24].

Histology

To evaluate the histological effects of each treatment,
four of the animals per group were sacrificed on 14 days
after tumor implantation. The animals were deeply anes-
thetized and brains were fixed via transcardial perfusion
with 4% paraformaldehyde (PFA). The brain was then
collected, dehydrated by immersion in 30% sucrose solu-
tion, embedded in OCT compound, and sectioned into
10 pm using a cryostat (Leica Biosystems, Buffalo Grove,
IL). The coronal sections were mounted on glass slides
and were stained using hematoxylin and eosin staining
kit (Abcam) as manufacturer’s instruction. Whole slide
images were obtained using fluorescent stereo micro-
scope (M165FC, Leica Biosystems).

Dextran permeability and Immunohistochemistry

Fourteen days after tumor implantation, 6 mg/kg of Texas
Red-conjugated 3 kDa dextran (TRD, ThermoFisher) was
injected intravenously through the tail vein. TRD was
allowed to circulate for 20 min, animals were exsangui-
nated by intracardiac perfusion of PBS with subsequent
perfusion of 4% PFA solution for brain tissue fixation.
Extracted brains were embedded in paraffin and sec-
tioned at 5 um thickness. Formalin-fixed sections were
then subjected to either TRD staining or immunobhis-
tochemical (IHC) staining. Whole slide images were
obtained at high resolution, 20xg using an AT2 scanner
(Aperio, Leica Biosystems, Buffalo Grove, IL). Double
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staining for CD31/Claudin5 were performed on the Leica
Biosystems Bond RX autostainer using the Bond Polymer
Refine Kit (Leica Biosystems DS9800), with omission of
the Post Primary reagent, DAB and Hematoxylin. Slides
were double stained for CD31 (Abcam ab28364, 1:100),
and Claudin-5 (Invitrogen 35-2500, 1:50). Images were
captured using the Aperio Scanscope FL whole slide
scanner (Leica Biosystems) into whole slide digital images
and OPAL Fluorophore 520 (AKOYA) as per previously
published [25]. Image analysis was performed using Halo
imaging analysis software (v3.3.2541.423, Indica Lab’s,
Corrales, NM) using Halo algorithm (Area Quantifica-
tion FL v2.3.4) which were used to quantify positive area
of TRD, CD31, and Claudin5.

Tissue microarrays (TMA)

The use of human tissues for these studies was approved
by Johns Hopkins University School of Medicine Insti-
tutional Review Board and National Institutes of Health
Material Transfer Agreement and adhered to the policies
and practices of the Declaration of Helsinki. One TMA
containing 80 adult and pediatric patients with a diag-
nosis of glioblastoma from surgical and autopsy cases
in the years 1981-2013 at Johns Hopkins Hospital and
generated by the Johns Hopkins TMA facility, as previ-
ously published [26, 27]. Internal control tissue of lymph
node, colon, thyroid, tonsil, muscle, brain, pancreas,
placenta, liver, intestine, kidney, stomach, bladder, skin,
vasculature, appendix, endocervical, breast, and pros-
tate were included. The TMAs were stained for BTK to
detect expression in tumor and/or endothelium. Depar-
affinization, antigen retrieval and immunostaining were
performed with a Leica Bond Max Section from each
block and were stained with H&E or BTK (1:50, Sigma
Aldrich, HPA001198). Imaging was performed with a
Leica Aperio Versa 200 slide scanner. Image quantifica-
tion scoring was performed blinded by a single neu-
ropathologist (PJC) with a sampling of four fields per
patient sample, and 10-15 cells analyzed per field. BTK
was quantified within the nuclei of cells, and total cell
area quantified for staining with scoring of 0-3 intensity
comparing tumor versus tumor vasculature expression to
known positive high BTK expressing lymph tissue.

Whole genome sequencing analysis

Whole genome extraction performed on S635 gli-
oma cells using the Promega kit as instructed
(655000L066123) and then processed by Azenta Life Sci-
ences. The tools available in the CLC Genomic Work-
bench v23 (www.qiagen.com) were used under default
parameters unless otherwise noted. Fastq files were
imported into the Workbench using the “Illumina High-
Throughput Sequencing import” tool. To inspect the
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quality of the sequence reads, the “QC for Sequencing
Reads” tool was used. To trim remove adaptor sequence
(CTGTCTCTTATACACATCT), dynamically remove
low quality sequence (Quality Imimt=0.01), and hard
trim remove the first 10nt from the 5" end and the last
1nt from the 3 end, the “Trim Reads” tool was used. For
reference alignment to Rat (mRatBN7.2.111), the “Map
Reads to Reference” tool was used. Post alignment, dupli-
cate aligned reads were removed then the alignments
refined using the “Remove Duplicate Mapped Reads” tool
and “Refine Read Mapping” tool respectively. Insertions,
deletions, and structural variants were then called using
the refined alignments using the “InDels and Structural
Variants” tool. Insertion and Deletions called were then
passed to the “Prepare Guidance Track” tool to generate
a guidance track. This guidance track was then used as
input into the “Local Realignment” tool along with the
refined alignments to generate local realigned and refined
alignments. These local realigned and refined alignments
were then used as input into the “Low Frequency Variant
Detection” tool to call single nucleotide variations (snvs),
multiple nucleotide variations (mnvs), insertions, and
deletions. For annotating the variants called regarding
functional consequences, the “Amino Acid Changes” and
“Predict Splice Site Effect” tools were used. To estimate
copy number, a tool not supported in the Workbench,
called “Control-FREEC” (https://boevalab.inf.ethz.ch/
FREEC/) was applied to the local realigned and refined
alignments over a range of ploidy (ploidy=2, 3, 4, 5, 6, 7,
8). Based on the ploidy esitmate returned from this tool
(output_ploidy=7), variants were filtered to keep those
observed to have a freqeuncy>14% and indicated by
functional annotation to be non-synonomous. Surviving
variants were then summarized in table form by variant
type stratified by chromosome. Variants prior to filter-
ing were also summarized in table form for select genes
(Atrx, Egfr, H3f3a, H3f3b, Idh1, Idh2, Tert, Tp53).

Statistical analyses

Data are presented as mean + standard error of the mean,
unless otherwise noted. The Student ¢-test (2-tailed), and
1-way analysis of variance with Tukey’s test evaluated
statistical significance with GraphPad Prism 9.3 software
(GraphPad Software, Inc).

Results

High bruton tyrosine kinase (BTK) expression in grade IV
human gliomas

Previous studies have demonstrated the high expres-
sion of BTK/BMX in glioblastoma [28, 29]. Through the
use of the Chinese Glioma Genome Atlas (CGGA), and
cancer genome atlas (TCGA) we demonstrated the high
expression in multiple histologic diagnoses of grade IV
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gliomas (oligodendroglioma, IDH mutant astrocytoma
and glioblastoma-GBM) in these two databases, CCGA —
left, TCGA- right (Fig. 1a) [30]. These findings led us to
explore BTK expression in a large TMA of both adult and
pediatric glioblastoma tumor tissue (n==80). We found
that there was a predominance of high expression (>2
scoring) both of the tumor cells (n=67) and tumor vas-
culature (n=49) (Fig. 1b, c) compared with known high
BTK expressing lymph tissue and low expressing BTK
seen in liver, colon, lung and soft tissue (Additional file 1:
Fig. 1a). These findings led us to further explore the effect
of BTK inhibition on both endothelium and glioma cells.

Ibrutinib decreases endothelial cellular interactions

by tight junction disruption

We tested the viability of RBMVECs after 24 h of ibru-
tinib therapy, wich demonstrated significant reduction
in cell viability over varied dosings (0, 1, 5 and 10 uM)
(Fig. 2a). Using this same ibrutinib dosing, over 16 h,
we measured cellular impedance of RBMVECs. Cellular
adhesion/impedance measuring of endothelial cell-cell
interaction was performed via gold microelectrode bio-
sensors (covering up to 80% surface area) on the inferior
aspect of a microtiter plate well (ACEA Xcelligence) and
the impedance of electron flow is reported via a unit-
less parameter (cell index). Our brain endothelial cells
reached confluence in media as measured by electrical
conduction (22 mV) at the electrode-solution interface
and with relative cell index of 100%. We found that upon
the addition of ibrutinib, endothelial cell-cell impedance
was disrupted in a dose-dependent manner (Fig. 2b).
Specifically, we observed attenuated cell indices at 5 pM
(1.5 fold) and 10 uM (2.4 fold) of ibrutinib 2 h after treat-
ment, without recovery to baseline, in comparison to
control and 1 pM treatment (*p <0.05, **p<0.005). Fur-
thermore, we investigated the role ibrutinib plays on
bicellular (occludin, claudin-3, claudin-5, ZO-1) and tri-
cellular (tricellulin/MarvelD2, angulin-1/LSR) tight junc-
tion mRNA and protein expression (Fig. 2¢, d). We found
that there was a significantly reduced gene and protein
expression (>40%) approximately 2 h after ibrutinib
treatment. With efforts to display baseline BTK expres-
sion, we stained our endothelial cells for BTK and ZO-1
bicellular junction protein and found high BTK expres-
sion within the cytoplasm and nucleus contrasting with
Z0O-1 membrane staining. Supportive findings demon-
strated reduced ZO-1 expression 4 h after ibrutinib treat-
ment compared to control, which then recovered by 24 h
(Fig. 2e). Additionally, high expression of phosphorylated
ERK (p-ERK) is known to play a companion role with
ensuring tight junction integrity. Thus, akin to the ibru-
tinib effect on junctional proteins, we observed statisti-
cally significant reduced to absent p-ERK expression 0.5,
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2, 4, 8 h after ibrutinib treatment, while total ERK protein
expression remained unchanged on endothelium (Addi-
tional file 1: Fig. 1b) [31-33]. With use of small interfer-
ing RNA to Bruton’s tyrosine kinase (siBTK) in RBMEC:s,
we evaluated the effect of silencing BTK (<50%) on brain
endothelial junctional integrity. We found, similar to
ibrutinib therapy, significantly reduced cell-cell adhesion
over time (6—16 h after plating) which can be attributed
to decreased bicellular and tricellular junctional gene
expression (p<0.0005 and p<0.0001, respectively) com-
pared with siControl (Fig. 2f-g). To see the correlation
to human brain endothelium, ibrutinib treatment also
inhibited ZO-1 expression on human brain microvascu-
lar endothelial cells (HCMEC/D3) in a dose-dependent
manner after 24 h (Additional file 1: Fig. 1c). For addi-
tional evaluation, we found 10 pM ibrutinib treatment
also significantly decreased brain endothelial cell—cell
interaction via electron microscopy, 4 h after treatment
(Additional file 1: Fig. 1d).

Understanding that ABC transporter ABCB1 plays
a significant role in regulating drug entry regardless of
the integrity of the BBB, we next evaluated the effects
of ibrutinib on efflux transport function in RBMVECs.
We again observed ibrutinib dose-dependently inhib-
ited ABCBI1 function in a dose-dependent manner, with
10 pM dosing resulting in significantly higher intracel-
lular rhodamine, ABCB1 substrate, compared to vehicle;
akin to that seen with the ABCBI inhibitor valspodar
(Fig. 2h). These findings detail the ABCB1 inhibition evi-
dent from ibrutinib therapy, as a means to impair ABCB1
substrate/drug efflux activity. We also demonstrated
ibrutinib’s effects are not unique only to endothelium by
using ABCB1 overexpressing transfected HEK293 cells,
which comparatively mimicked the inhibitory qualities
of ABCB1 dose-dependently (Additional file 1: Fig. 1e);.
To quantify the function of brain endothelial permeabil-
ity, we measured sodium fluorescein transport (380 MW)
on endothelial laden transwell plates. We observed that
10 pM ibrutinib treatment provided 26% increased per-
meability compared with control treatment (p<0.0001);
again demonstrating the endothelial disrupting effects of
ibrutinib therapy (Fig. 2i).

Ibrutinib and doxil additively reduce glioma viability

To evaluate the effect of ibrutinib on rat-derived glioma
cells (S635), we first tested cell viability and migra-
tion. While ibrutinib showed no significant effect on
glioma cell viability with varied doses, we found that
time-dependently, ibrutinib significantly decreased cell
migration patterns between 24 and 48 h (p<0.05) as
measured via cell index (Fig. 3a, b). Again, noting that
ABCBI transporter plays a crucial role in regulating
drug entry to tumor cells, we investigated the effect of
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8 16 24

ibrutinib on efflux transport in glioma cells. Ibrutinib To further identify the additive effect of ibrutinib on
treatment resulted in impaired rhodamine dye efflux glioma cell viability, we combined treatment with doxil
compared to vehicle treatment; with a noted shift of or doxorubicin. We found viability of glioma cells was
higher rhodamine cell accumulation, similar to that reduced significantly with 10 uM ibrutinib combined
seen with ABCB1 inhibitor, valspodar (Fig. 3c). with 100 pM doxil (p<0.0001) 48 h after treatment
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compared with control. While 100 pM doxil alone
decreased glioma cell viability, an additive effect was seen
with combination therapy, causing approximately two
times less cell viability (p<0.001) (Fig. 3d) [21]. Further
investigations for the cause of impaired viability, led us
to conclude combined ibrutinib and doxil resulted in a
statistically significant increase in caspase 3/7 apoptosis
activity at varied doses (Fig. 3e).

Ibrutinib with doxil additively improves glioma model
survival

To investigate the combined effect of ibrutinib and
doxil treatment in vivo, we intracranially implanted

4 hours

24 hours

Z0-1 DAPI

1x 10* S635 glioma cells in F344 5-weeks-old rats. Ibru-
tinib (25 mg/kg) was delivered on days 7-14, and doxil
(3 mg/kg) on days 7 and 14. The half-life of ibrutinib is
4-6 h and doxil has a much longer half-life of approxi-
mately 20-48 h, which necessitated the more spaced
out dosing regimen. After serial scanning, tumors were
first detected on brain MRI starting day 7, while earlier
imaging did not allow appreciation of sizeable tumor
formation. The schematic diagram shows the timeline
of treatment and experimental procedure (Fig. 4a). We
first measured brain and plasma doxil concentrations
14 days after tumor implantation with without ibruti-
nib treatment. While there was no significant difference
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in plasma doxil concentrations (Fig. 4b), the concen-
tration of the tumor injected side of brain was signifi-
cantly higher (32%, p<0.05) than contralateral side
of the brain in the doxil treated with ibrutinib group.
Brain MRI's on day 14 agreed with these findings by
showing statistically significant tumor volume declines
compared with control treatment (40 + 9 mm?) vs. doxil
alone (19 + 7 mm?®) or combination therapy (10 + 3 mm?)
(p<0.05) (Fig. 4c). These findings were in also in agree-
ment with H/E staining which demonstrated decreased
tumor size with doxil alone or combination therapy
after 14 days (Fig. 4d). Ibrutinib concentration within
the plasma and brain was not evaluated, as this agent
was mainly used as a means to enhance CNS delivery
and not provide therapeutic effects to glioma cells.
Shi et al., details that 25 mg/kg dosing of ibrutinib in
rodent glioma models demonstrated the best treatment
effects after repeat dosing, which led us to provide the
same dosing to our studies [34].

To evaluate the degree of BBB/BTB opening with
ibrutinib, we perfused our rodent glioma models with
3kD dextran, with and without ibrutinib therapy at
day 14 and assessed dextran extravasation within the
tumor, peritumorally (0-0.2 mm from tumor bulk) and
distal regions (>0.2 mm from tumor bulk). We found
that ibrutinib produced a statistically significant higher
dextran accumulation within the peritumoral region
compared with vehicle treatment (p<0.05); denoting
that ibrutinib can facilitate permeability for both small
and large agents into the CNS (Fig. 4e). Yet, multiplex
IHC staining for endothelium and junctional proteins
with and without ibrutinib treatment showed that the
co-localization of an endothelial marker, CD31, to junc-
tional protein, Claudin-5, was not significantly differ-
ent in the varied regions (Fig. 4f). Lastly, we were able
to demonstrate prolonged median survival in com-
parison to control treatment (15 days) versus doxil
alone (18 days), ibrutinib alone (21 days) or combina-
tion therapy (24 days) (p<0.001), (Fig. 4g), which col-
lectively describes the additive effect of ibrutinib with
doxil to enhance BBB permeability and impair glioma
growth in rodent models. Collectively, these findings
demonstrate the short and long-term in vivo treatment

(See figure on next page.)
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effects of ibrutinib on brain vasculature and glioma
progression, combined with cytotoxic chemotherapy.

Discussion

Glioblastoma is known to be a fast-proliferating, aggres-
sive brain tumor associated with a high degree of inva-
siveness [35, 36]. However, standard treatment, which
includes surgical resection followed by chemotherapy
and radiation, fails to provide extensive prolonged sur-
vival [37]. Despite several advancements in treatment,
systemic and neurologic toxicities limit further radiation
and chemotherapy treatments. Particularly, chemother-
apy treatment has less impressive effects on GBM treat-
ment, mainly due to the presence and function of the
restrictive BBB/BTB [38, 39]. While the FDA-approved
chemotherapy agent temozolomide for glioblastoma has
shown some improvement in survival, with the presence
of temozolomide in brain tissue only being 20% com-
pared to plasma, again this indicates its poor CNS entry
[40, 41]. Therefore, a new agent to disrupt BBB is a top
priority for high grade glioma treatment.

In this study, we were able to demonstrate the efficacy
of an FDA approved lymphoma/lymphocytic leukemia
agent to not only transiently disrupt brain endothe-
lial tight junctions and inhibit efflux transport but also
impair glioma migration and additive with doxil prolong
rodent glioma model survival (Fig. 5). The rat derived
anaplastic astrocytoma glioma line, S635, has been pre-
viously characterized histologically with high mitotic
index, intratumoral necrosis, high GFAP expression and
infiltrative margins with both nuclear and cytoplasmic
pleomorphism [18, 42, 43]. These cells are IDH WT with
non-synonymous single nucleotide variants (Additional
file 5: Table 3) [44]. Collectively, these findings are influ-
ential in the field, as they demonstrate how this agent and
others like it have the potential to usher in glioma cyto-
toxic agents that currently have limited CNS entry and
influence.

Ibrutinib is both a BTK and BMX inhibitor and BMX
has been specifically implicated in cell migration, tube
formation and barrier function in epithelial dermal, car-
diac, prostate and lung cells [45-49]. Our primary focus
was to identify the effect of ibrutinib on brain endothelial

Fig. 3 Ibrutinib hinders glioma cell migration and Abcb1 efflux and viability in combination with doxil. Varied ibrutinib dosing does not influence
S635 rat glioma cell viability after 24 h (a). Glioma cell migration was influenced greatest by 10 uM ibrutinib 36-48 h after treatment compared
with control and 1 uM therapy as evidenced by decreased cell migration to serum containing fetal bovine-serum (*p < 0.05) (b). Rhodamine efflux
as a measure of Abcb1 function demonstrates both 10 uM ibrutinib effectively decreased efflux akin to known inhibitor valspodar (c). Combination
therapy of ibrutinib with doxil found dose-dependent cooperation to hinder cell viability after 48 h exposure to therapy (***p <0.001****p <0.0001)
(d). Combined ibrutinib (10 uM) and doxil (10 and 100 pM) resulted in increased caspase3/7 apoptosis activity compared with single therapy

(****p<0.0001) (e)
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cell integrity and permeability while hoping to hinder
glioma proliferation, as seen in previous studies [28, 29].
While our brain endothelial cell viability studies exhibit
no effects from ibrutinib, cell-cell interaction is reduced
after 2 h, with notable recovery over the next 24 h. How-
ever, it was not a complete recovery, which could be
due to a lack of systemic washout in this in vitro brain
endothelial cell only assay. Specifically, junctional pro-
tein expression and down-stream ERK pathway proteins
were found to be reduced following ibrutinib therapy,
which agrees with previous studies showcasing BTK/
BMX inhibition causing disruption of epithelial cell tight-
ness [46, 47, 49]. A reduction of pERK has been shown
to lead to reduced expression of tight junction proteins
in the epididymis of mice, within the blood-testis bar-
rier as reported by Kim et al. [50] Unfortunately, there
is no one method to state whether the BBB is intact or
not within these glioma models, thus evaluations of drug
permeability and immunohistochemical staining of junc-
tional markers is the best surrogate of such determina-
tions. Combined, this data showcases ibrutinib’s ability
to reduce expression of ZO-1 and other tight junctions
resulting in associated attenuation of p-ERK pathway
activation and ABCB1 inhibition. Previous studies have
shown high BTK expression on glioma cells and ibruti-
nib’s efficacy to hinder lymphoma and other solid tumors
progression through inhibition of the BTK/BMX path-
way. Yet, no studies of ibrutinib’s effect on brain endothe-
lium have been published, which could demonstrate a
more complete picture of this drugs effects on the tumor
microenvironment [12]. As such, these findings show-
casing ibrutinib’s influence of brain endothelial cell—cell
integrity and ABCBI transporter function have larger
implications for various neurologic, vascular and onco-
logic diseases. In our studies, we chose to explore the
ABCBI substrate doxil, and Zhou et al. found that ibru-
tinib’s use in human-derived glioma rodent models dem-
onstrated additive cytotoxicity with etoposide (ABCB1
and ABCC1 substrate), which suggests that ibrutinib may
target more than just one ABC transporter [16].

Some limitations of our studies include investiga-
tions of ibrutinib’s effects on the 1) tumor immune

(See figure on next page.)
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microenvironment, 2) long-term disease course with
combination chemotherapy and 3) varied in vivo mod-
els. Our initial studies detailed the effect of ibrutinib on
brain endothelium and tumor cells, as the former stud-
ies were novel and have the potential to positively benefit
field knowledge related to CNS drug entry and impaired
disease progression. While our studies did not explore
effects of ibrutinib on the immune cells within the tumor
microenvironment, previous studies have demonstrated
ibrutinib’s ability to decrease glioma derived pericyte
expression, which are cells known to create a formida-
ble BBB but also demonstrate scavenger like functions
when necessary [14]. In complement, Li et al., found that
ibrutinib reduced CD8+T cell exhaustion both in the
in vitro setting and in BTK deficient mice, specifically
by downregulating inhibitory receptors and increasing
cytokine production [51]. The presence of T cell inhibi-
tory signaling has been implicated in assistance with dis-
ease progression in glioblastomas thus further studies
are warranted to further delineate the influence of BTK/
BMX inhibition on T-cell infiltration, microglial behav-
iors and cytokine production within immunocompetent
models [52].

Additionally, because S635 glioma cells orthotopi-
cally injected in immunocompetent hosts resulted in
approximately 20-30+days of survival with ibrutinib
alone vs combination therapy, we were unable to assess
long-term effects of ibrutinib therapy on disease course.
Using another rat glioma model with less invasive qual-
ity and pronged survival without therapy could provide
additional studies that help to explore systemic and neu-
rologic sequelae from repeat ibrutinib therapy additive
and/or synergistic with varied cytotoxic chemotherapy
agents. These studies would assist in understanding more
about the long-term effects of transient BBB disruption
from ibrutinib as related to survival outcomes and tumor
biology.

Other than S635, there only exists 9L, C6 and F98 rat
derived glioma cells. We chose not to use 9L as it has pre-
viously been shown to be more akin histologically to glio-
sarcoma. C6 and F98 rat glioma lines, while most closely
resemble (histologically and molecularly) glioblastoma,

Fig. 4 Combination ibrutinib with doxil impairs glioma model growth and prolongs survival. Treatment schema denoting repeat drug therapies,
image timing, doxil blood/tissue concentrations and survival studies (a). Repeat ibrutinib with doxil therapy does no influence doxil plasma
concentrations yet increases brain tumor doxil concentrations by approximately 32% (*p < 0.05) (b). Brain MRIs reflect additive ibrutinib effect

of ibrutinib compared to vehicle (left panel) doxil alone (left middle panel), ibrutinib alone (right middle panel) or ibrutinib +doxil (right panel)
as seen by statistically significant volumetric decrease as denoted via graphed values (*p < 0.05) (c). H/E staining demonstrates the lessened
tumor size with doxil treatment alone and with combination therapy (d). 3kD dextran extravasation studies revealed ibrutinib can increase

the blood-tumor barrier to larger agents, specifically within the peritumoral tissue region (*p <0.01) (e). Co-staining of CD31/Claudin-5 on tumor,
peritumoral and distant sites areas did not demonstrate any statistical differences in co-localized expression. (f). Prolonged survival seen

with combination therapy with a median survival of 27 days versus 16 days for control therapy (****p <0.0001) (*p <0.05) (g)
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While the use of rodent models are highly necessary
to advance to the neurooncologic field, there still exist
restrictions within the suitability of models for transla-
tional applications.

Shi et al. reported that high BMX expression in gli-
oma stem cells could be inhibited by ibrutinib resulting
in decreased cell proliferation alone or with etoposide
chemotherapeutic agent [14]. Comparatively, in this
study, we found that ibrutinib has no significant effect on
S635 rat glioma cell viability, yet it influenced endothe-
lial junction proteins, inhibited efflux of ABCB1 and
impaired migration. Classically, it is a known challenge
to extrapolate in vitro dosing to rodent models due to
the lack of dynamic fluidity as seen in a living system,
thus we relied on published data from varied endothe-
lial and cancer lines for treatment of our endothelial and
glioma cells [12, 56, 57]. For additional clinical relevance,
we investigated the additive effect of ibrutinib with and
without doxil or doxorubicin treatment. Doxorubicin is
a well-known substrate of both ABCB1 and ABCG2 and
an effective chemotherapy drug that has been shown to
hinder cancer proliferation of multiple solid tumors [58,
59]. However, doxorubicin cannot penetrate through
the BBB easily and even with the assistance of ibrutinib
we found no enhancement in survival or tumor volume
with combined therapy (Additional file 2: Fig. 2). Doxil
is the pegylated liposomal form of doxorubicin which
confers a higher likelihood to cross the BBB, therefore
these findings further point to the need to strategically
select agents that can be paired with ibrutinib which are
ABCBI1 or potentially ABCC1 substrates and can impair
glioma viability, migration and growth [60]. We evaluated
free doxorubicin released from doxil within plasma and
brain approximately 2 h after administration and found
higher concentrations post ibrutinib. Yet, additional
evaluations from 6 to 24 h after administration may aid
determing differences in the brain and brain tumor set-
tings regarding drug clearance with ibrutinib [24].

In our current study, we have provided evidence that
ibrutinib influences brain endothelial integrity, efflux
transport, and tumor progression. Our animal stud-
ies provide additional data in support of ibrutinib use
to provide sustainable effects on BBB/BTB permeability
and glioma cell propagation. Current clinical trials are
ongoing to explore the use of ibrutinib with chemora-
diation against glioblastoma which will provide further
data on the use of this agent for varied treatment types
(NCT03535350 and NCT05106296). Continued and
novel research is needed to investigate ibrutinib’s effi-
cacy with tumor directed agents, changes to the immune
microenvironment and prolonged use for malignant glio-
mas; all with the aim of increasing CNS drug entry and
improving disease survival.
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Additional file 1. High BTK expression seen in lymph node TMA tissue
(positive control) compared with kidney, liver, colon, lung and soft tissue
BTK staining (a). Decreased phospho-ERK expression seen after ibrutinib
treatment of rat brain endothelium from 0.5-8 hours after treatment,
**p<001 (b). Decreased ZO-1 tight junction expression on human brain
endothelial cells seen with higher ibrutinib dosing (c). Ibrutinib signifi-
cantly decreased rat brain endothelial cell-cell interaction after 4 hours
treatment via electron microscopy imaging. 1. Mitochondria, 2. lysosome,
3. cell-cell junction, 4. herolysosome, 5. ribosome, 6. lamellar bodies (d).
HEK overexpressing ABCB1/PGP transporter exhibited ibrutinib dose-
dependently increased rhodamine accumulation, similar to valspodar (e).

Additional file 2. Treatment schema for animal model with ibrutinib and
doxorubicin therapy (a). No statistical difference seen in model survival
with doxorubicin alone or combination therapy (b). Alternative treatment
schedules also provided no statistical difference in survival benefit with
combination therapy, yet doxil alone provided a trend towards improved
survival (c). Magnetic resonance imaging of control (left panel), doxil

(left middle panel), ibrutinib (right middle panel) and combination (right
panel) demonstrated no statistically significant difference in tumor
volumes (d).

Additional file 3. gPCR Primers.
Additional file 4. Antibodies for Western blots and IF.

Additional file 5. Description of S635 glioma cell whole genome
sequencing. Variant calls are described for select genes. For H3f3a,

H3f3b, Idh1, Idh2, and Tert genes, variants called included only those

that render a coding change but no amino acid change. Given this, the
S635 glioma cell line can be characterized as IDH wild type. For Atrx,

Egfr, and Tp53 genes, variants called included those that render both

a coding change and a non-synonymous amino acid change. For Atrx,
four single nucleotide variants were called (X:c.70901795:G>T:5.71%;
X:c.70930985:G>T,7.41%; X:c.70931078:7>C,20.83%;
X:c.70931082:G>C,10.53%) resulting in a non-synonymous impact

for multiple transcripts (ENSRNOP00000070457:p.5er1573lle,
ENSRNOP00000087612:p.Ser1584lle, ENSRNOP00000087702:p.Ser1546lle;
ENSRNOP00000070457:p.Gly873Cys, ENSRNOP00000087612:p.Gly884Cys,
ENSRNOP00000087702:p.Gly846Cys; ENSRNOP00000070457:p.Ser842Pro,
ENSRNOP00000087612:p.5er853Pro, ENSRNOP0O0000087702:p.Ser815Pro;
ENSRNOP00000070457:p.Arg840Ser, ENSRNOPO0000087612:p.Arg8515er,
ENSRNOP00000087702:p.Arg813Ser). For Egfr, two single nucleotide
variants were called (14:¢.91288218:A>G:15.38%; €.14:91341469:A>C)
resulting in a non-synonymous impact for multiple transcripts
(ENSRNOP00000006087:p.Arg132Gly, ENSRNOP00000078445:p.Arg106Gly,
ENSRNOP00000080460:p.Arg106Gly; ENSRNOP00000080460:p.Lys940Thr)
along with one insertion (14:91287423791287424:->T:100%) that possibly
impacts splicing for multiple transcripts (ENSRNOT00000006087:c.234
+1dupT, ENSRNOT00000097681:c.159+28dupT, ENSRNOT0000011113
9:¢.159+28dupT). For Tp53, two single nucleotide variants were called
(10:c.54309391:C>A:6.90%, 10:c.54309411:C>A:8%) resulting in a non-
synonymous impact for multiple transcripts (ENSRNOP00000047840:p.
Ser313Tyr, ENSRNOP00000074031:p.Ser307Tyr, ENSRNOPO0000075724:p.
Ser313Tyr, ENSRNOP00000080907:p.Ser286Tyr, ENSRNOP00000089020:p.
Ser321Tyr, ENSRNOP00000092831:p.Ser328Tyr; ENSRNOP00000047840:p.
Pro320Thr, ENSRNOP00000074031:p.Pro314Thr, ENSRNOPO0000075724:p.
Pro320Thr, ENSRNOP00000080907:p.Pro293Thr, ENSRNOP00000089020:p.
Pro328Thr, ENSRNOP00000092831:p.Pro335Thr).

Additional file 6. S635 glioma cell whole genome sequencing table.
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