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Abstract 

Background:  Diffuse intrinsic pontine glioma (DIPG) is a notoriously difficult tumor to treat, with an overall survival 
of DIPG patients being only 11 months. One of the major obstacles for the effective treatment of DIPG is the blood–
brain barrier (BBB). In order to circumvent the BBB, drug delivery methods are needed that target the pontine area. 
One such approach is microbubble-mediated focused ultrasound (FUS)—a non-invasive method that can temporar-
ily and locally open the BBB. Previously, it was shown that FUS is safe with minimal side effects and rapid recovery 
times in preclinical animal models with different DIPG tumors. However, recent studies have shown that combining 
FUS with a single treatment of the chemotherapeutic drug doxorubicin did not improve survival in a DIPG xenograft 
model. As the duration of doxorubicin exposure might play a role in tumor response, we hypothesized that the use of 
a long-circulation (PEGylated) liposomal formulation of doxorubicin could lead to improved overall survival through a 
longer exposure time to the tumor.

Method:  DIPG xenograft models were established with orthotopic injections of HSJD-DIPG-07 tumor cells into 
the pontine area of female athymic nude-foxn1nu mice. Tumor engraftment was confirmed with bioluminescence 
imaging (BLI) 40 days post-inoculation. Mice were randomized into groups receiving either liposomal formulations 
of doxorubicin (2B3-101 or Caelyx®) or free doxorubicin in combination with or without FUS treatment. Treatment 
groups received 5 mg/kg 2B3-101 or Caelyx® 1 h before FUS treatment or 5 mg/kg free doxorubicin immediately after 
FUS.

Results:  Histological analysis, however, revealed liposome extravasation in healthy controls but not in HSJD-DIPG-07 
xenograft 24 h after treatment. Furthermore, BLI monitoring did not show reduced signal after treatment, which was 
further illustrated with a survival analysis, showing no significant difference between treated and control animals 
(p = 0.3).

Conclusion:  We did not observe a treatment effect after a single dose of free doxorubicin or the liposomal formula-
tions 2B3-101 or Caelyx® in combination with FUS in DIPG-bearing mice.
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Background
Diffuse intrinsic pontine glioma (DIPG) is an aggres-
sive, inoperable pediatric brain tumor with very limited 
and ineffective treatment options outside radiation ther-
apy. Neoadjuvant or adjuvant systemic therapy in com-
bination with radiotherapy only prolongs survival for 
several months [1–3]. With an overall survival of only 
11  months, new drug delivery methods are needed to 
increase the selective tumor exposure to chemotherapeu-
tic drugs. Several attributes exacerbate the poor progno-
sis of DIPG, including location and maintained integrity 
of the blood–brain barrier (BBB) [4, 5]. The BBB is a 
major obstacle for the efficacy of chemotherapeutics in 
the treatment of brain tumors as it prevents most large 
molecules to readily enter the brain parenchyma, result-
ing in the low efficacy of most chemotherapeutics [6]. As 
only 2% of small molecules (< 500  Da) are able to pas-
sively cross the BBB, effective drug delivery methods that 
increase the exposure of drugs in the brain parenchyma 
are urgently needed [6]. There are several methods to 
circumvent or temporarily open the BBB, including the 
use of nanoparticles, convection enhanced delivery 
(CED), intranasal, and intra-arterial drug delivery [7, 8]. 
Although encouraging results have been seen, to date 
these methods have not led to a significant increase in 
the treatment of several brain tumors, including gliomas.

DIPGs in particular maintain an intact BBB and thus 
limited penetration and effectiveness of therapeutics, in 
comparison to glioblastoma which has a heterogenous 
BBB with regions of necrosis harbouring areas with both 
a disrupted and intact BBB [4, 5, 9]. Since DIPG resides in 
the pons, a fragile and inoperable structure of the brain, a 
non-invasive method of delivery is preferred.

Focused ultrasound (FUS) is a non-invasive method 
that can temporarily and locally open the BBB in a revers-
ible fashion [10, 11]. FUS has been used both preclinically 
and clinically in growing numbers of clinical trials for the 
treatment of adult gliomas [12–16]. Previous research has 
shown that FUS can be safely used in a xenograft model 
of DIPG to effectively open the BBB and increase the pas-
sage of chemotherapeutics such as doxorubicin to the 
targeted area [14, 16]. Although the use of doxorubicin 
in these experiments did not lead to significant improve-
ment of survival in  vivo, doxorubicin was shown to be 
effective against several patient-derived DIPG cell lines 
in preclinical studies [16, 17], and lack of efficacy in vivo 
could have been caused by multiple dose toxicities [14]. 
To reduce toxicity of systemic administration, liposomal 

formulations of doxorubicin can be employed [18, 19]. 
Caelyx® and 2B3-101 are liposomes loaded with doxoru-
bicin which are 80–100 nm large vesicles that have a long 
plasma-halflife due to polyethylene glycol (PEG) coat-
ing. 2B3-101 liposomes have been shown to have a better 
brain distribution compared to non-targeted PEG lipo-
somal doxorubicin [20, 21] because they are conjugated 
with the brain-targeting ligand glutathione (GSH). Both 
liposomal formulations release the drug over a prolonged 
period of time reducing toxicity [20, 22]. We hypothesize 
that the use of FUS in combination with liposomal for-
mulations of doxorubicin – that are less toxic and expose 
the tumor over a prolonged period through sustained 
release – may have a significant effect in prolonging sur-
vival in a preclinical DIPG mouse model. Furthermore, 
we aimed to investigate the difference between Caelyx® 
and the 2B3-101 in combination with FUS. Here we 
describe the use of FUS in combination with free doxo-
rubicin and liposomal formulations of doxorubicin in 
a HSJD-DIPG-07 xenograft model. We show that treat-
ment with both free and liposomal doxorubicin is safe 
and well tolerated. However, single treatment did not sig-
nificantly improve survival in the treatment groups, pos-
sibly due to the lack of sustained tumor exposure, even 
after the application of FUS. The results of this study will 
contribute to increased knowledge for the use of FUS for 
the treatment of DIPG and to advice physicians on clini-
cal trials.

Materials and methods
Cell culture
DIPG cell line HSJD-DIPG-07 harboring H3F3A K27M 
and ACVR1 mutations was kindly provided by Dr. Ángel 
Montero Carcaboso (Hospital San Joan de Déu Barce-
lona, Spain). This cell line was transduced with the green 
fluorescent marker ZsGreen and luciferase as described 
in Meel et  al. [23]. Cells were cultured in tumor stem 
medium (TSM; 50% DMEM-F12/50% Neurobasal-A, 
Gibco, UK) base supplemented with penicillin–strep-
tomycin (100 U/ml, PAA Laboratories GmbH, Austria), 
1X B27 supplement (without vitamin A, Thermo Fisher, 
Waltham, MA, USA), 20  ng/ml human basic fibroblast 
growth factor (bFGF, Peprotech, London, UK), 20  ng/
ml human epidermal growth factor (EGF, Peprotech, 
London, UK), 10  ng/ml human platelet-derived growth 
factor-AA (PDGF-AA, Peprotech, London, UK), 10  ng/
ml human platelet-derived growth factor-BB (PDGF-
BB, Peprotech, London, UK), and 2 µg/ml heparin (Vrije 
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University Medical Center Pharmacy, Amsterdam, The 
Netherlands) [23]. Short tandem repeat (STR) analy-
sis was used for validation of the cell line. Before use, 
tumor cells were harvested, mechanically dissociated 
with accutase and washed with phosphate buffered saline 
(PBS, Fresenius Kabi GmbH, Graz Austria). Luciferase 
expression was assessed with a luminometer (Lumat, 
Berthold Technologies GmbH & Co KG, Bad Wildbad, 
Germany).

Xenograft model
Animal experiments were conducted in accordance 
with Dutch national regulation guidelines on animal 
experimentation, as well as with EU Directive 2010/63/
EU. The protocol was approved by the committee on 
animal experimentation of the Vrije University (VU) 
(AVD114002017841). Female athymic nude-foxn1nu 
mice (total n = 69: n = 63 with xenograft and n = 6 with-
out xenograft), 6 weeks of age (Envigo-Harlan Laborato-
ries, Horst, The Netherlands), were kept under filter top 
conditions with a 12  h artificial light/dark cycle. Mice 
received food and water ad  libitum. Prior to surgery 
(n = 63), mice received 0.067 mg/ml of carprofen (Rima-
dyl®, Zoetis, Rotterdam, The Netherlands) in drinking 
water for 24 h. Thirty minutes prior to intracranial injec-
tion (i.c.) mice received 0.05–0.1 mg/kg of buprenorphine 
hydrochloride (Temgesic®, Indivior UK Ltd, Berkshire, 
United Kingdom). Anesthesia was induced with isoflu-
rane (1–3% and 2  l/min of O2, Zoetis, Rotterdam, The 
Netherlands) and mice were fixed in a stereotactic frame. 
The depth of anesthesia was determined by the absence 
of palpebral, withdrawal, and corneal reflexes. Topical 
administration of 2% of lidocaine was applied before inci-
sion along the midline, after which a burr hole was drilled 
1.0 mm lateral and 0.8 mm posterior to the lambda using 
a high-speed drill. A Hamilton syringe (Hamilton Com-
pany, Reno, NV, USA) was used to inject 5  µl of 5 × 10 
[5] HSJD-DIPG-07 cells in PBS into the pons at a depth 
of 4.5 mm, with an infusion rate of 2 µl/min. After injec-
tion, the needle was left in place for 2 min before being 
slowly removed to avoid a vacuum and cell accumula-
tion into the needle tract. The wound was then closed 
using topical skin adhesive (Dermflex, Vygon, Ecouen, 
France) and the animals were allowed to awaken under a 
heating lamp. All animals awoke within 15 to 30 min fol-
lowing surgery and did not present any signs of distress. 
Carprofen in drinking water was removed 24  h follow-
ing surgery. Mice received supplemented food (Nutrigel, 
Portland, ME, USA) for 24 to 48 h after treatment. Mice 
were regularly weighted and neurologically assessed 
[24]. Neurological assessment was based on motor score 
(ranging from no deficit to walking with obvious asym-
metry to no movements) and abnormal movements such 

as tilted head and axial body rotation. Bioluminescence 
imaging (BLI) was performed once a week to monitor the 
growth rate of the orthotopic tumors. For BLI, mice were 
intraperitoneally (i.p.) injected with 150 µl of D-luciferin 
Potassium Salt (100  mM solution in PBS, Goldbio, St. 
Louis, MO, USA) 10 min before imaging. Animals were 
anaesthetized with isoflurane (3% and 2 l/min O2) 5 min 
prior to imaging. BLI was performed with a Bruker In-
Vivo Extreme Capture System (Bruker Corporation, Bill-
erica, MA, USA) with an exposure time of 30 s. For each 
mouse, a region of interest (ROI) defined the lumines-
cent area of the tumor and the mean intensity of the ROI 
(photon/sec/m2) was calculated using Molecular Imag-
ing Software (Bruker Corporation, Billerica, MA, USA).

Focused ultrasound
The imaged-guided focused ultrasound method was pre-
viously described in Haumann et  al. [25]. In brief, mice 
received 0.05–0.1  mg/kg of buprenorphine 15–30  min 
before anesthesia with isoflurane (1–3% and 2  l/min 
of O2). The depth of anesthesia was determined by the 
absence of palpebral, withdrawal, and corneal reflexes. 
A 26 G catheter (Neoflon, Becton Dickinson, Helsing-
borg, Sweden) was placed in the tail vein and flushed 
with 50 UI of heparin (Vrije University Medical Center 
Pharmacy) to prevent blood clotting. Mice were then 
mounted on a 3D printed platform and fixed with bite 
and ear bars, after which they received 150 µl of D-lucif-
erin via subcutaneous (s.c.) injection 10  min prior to 
treatment. BLI and X-ray was performed to localize the 
tumor and to guide the transducer to the tumor in the 
pons. A hydrophone was placed behind the ear of the 
mouse and coupled with a 1  MHz monoelement trans-
ducer using ultrasound gel. Microbubbles (SonoVue, 
Bracco International BV, Amsterdam) were prepared 
according to the manufacture’s description. A 19 G nee-
dle was used to take up the microbubbles and fill up the 
catheter. Microbubbles were injected in two boli of 60 µl. 
Focused ultrasound was then performed at a frequency 
of 1.5 Hz to a total exposure time of 160 s, consisting of 
40 repetitions over 6 points with a total 240 sonications. 
The safety of the procedure was monitored with passive 
caviation detection.

BBB opening
To ascertain optimal acoustic power in the HSJD-
DIPG-07 xenograft model, different acoustic pressures 
were used, (Fig.  1: BBB opening). Mice received either 
200  kPa (n = 3) or 400  kPa (n = 3). Directly after FUS, 
mice received Evans blue (100  µl, Sigma Aldrich, St. 
Louis, MO, USA). After 30 min mice were sacrificed and 
transcardially perfused with saline before brains were 
excised for analysis.
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Survival analysis
HSJD-DIPG-07 xenografts were established in 54 mice. 
Tumor engraftment was monitored with weekly BLI 
measurements (Fig. 1: survival). Upon increase of the BLI 
signal (indication of engraftment), at day 37 after implan-
tation, mice were evenly stratified into nine groups 
of each 6 mice: (A) Control, (B) FUS only, (C) Vehicle 
liposomes + FUS, (D) doxorubicin + FUS, (E) systemic 
doxorubicin, (F) Caelyx® + FUS, (G) systemic Caelyx®, 
(H) 2B3-101 + FUS, and (I) systemic 2B3-101 (n = 6 per 
group). At day 40, mice received 5  mg/kg doxorubicin 
(5  mg/kg, Vrije University Medical Center Pharmacy, 
Amsterdam, The Netherlands), Caelyx® (5  mg/kg, Vrije 
University Medical Center Pharmacy, Amsterdam, The 
Netherlands), 2B3-101 (5  mg/kg, kindly provided by dr. 
Pieter Gaillard) or control liposomes (PEG liposomes 
without doxorubicin) (kindly provided by prof. Gert 

Storm). The polyethylene glycol (PEG)-coated liposo-
mal formulations of doxorubicin, Caelyx® and 2B3-101 
as well as control liposomes were intravenously admin-
istered 60 min before sonoporation. Mice were regularly 
weighed and neurologically assessed. After treatment, 
BLI was performed twice a week for two weeks and fol-
lowed by once a week to monitor tumor growth. At 
experimental endpoints, animals were deeply anaes-
thetized with a ketamine (2.4  mg, Alfasan Woerden, 
The Netherlands) and sedazine (0.24 mg, AST FARMA, 
Oudewater, The Netherlands) mixture and transcardially 
perfused with saline before brains were excised for analy-
sis. In brief, once the animal was sedated and no reflexes 
were observed, an incision was made along the midline 
of the chest, and the resulting cavity was held open with 
retractors. A small incision was made to the left ventricle 
and right atrium and a blunt tip needle was then inserted 

Fig. 1  Experimental design. BBB opening after FUS was determined in HSJD-DIPG-07 tumor-bearing mice which received 200 kPa (n = 3) and 
400 kPa (n = 3) to observe the extent of BBB opening. Mice received 400 kPa during treatment in all subsequent experiments. Survival analysis was 
performed on HSJD-DIPG-07 xenograft models (n = 54). Mice were regularly monitored with BLI and upon increase of the signal, mice received 
treatment with focused ultrasound. After treatment, mice were monitored and sacrificed at humane endpoints. Immunofluorescence histology 
was performed on non-tumor bearing mice (n = 3) and tumor bearing mice (HSJD-DIPG-07) (n = 6) to determine the presence of liposomal 
formulations of doxorubicin in the brain parenchyma. At 24 h after treatment mice were sacrificed and brains were frozen until analysis. (Created 
with Biorender)
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through the left ventricle into the anterior aorta and held 
in place with surgical clamps before 50 ml of saline was 
circulated through the vascular system using a syringe. 
Following perfusion, brains were excised and cut along 
the sagittal plane. One sagittal half was fixed in 4% for-
maldehyde (Merck, Darmstadt, Germany) and the other 
half was snap frozen in liquid nitrogen.

Histology and immunohistochemistry
PEG staining was done to visualize the localization of 
PEGylated liposomes (Fig. 1: immunofluorescence imag-
ing). The staining was performed on both non-tumor 
bearing mice (n = 3) and tumor bearing mice receiving 
Caelyx® (n = 3) or 2B3-101 (n = 3). Mice received focused 
ultrasound at 400 kPa. After 24 h, mice were transcardi-
ally perfused and brains were frozen in liquid nitrogen. 
Frozen tissue was cut at 5 µm. Tissue was fixed with ice 
cold methanol. Aldehyde groups were blocked with gly-
cine (VWR, Fontenay-sous-Bois, France) after which the 
sections were incubated with primary anti-PEG-B-47 
antibody (1:100) (Abcam, Cambridge, MA, USA) and 
rat anti-mouse CD31 (1:50) (BD Pharmingen, San Diego, 
CA, USA) in PBS containing 1% bovine serum albumin 
(Sigma Aldrich, St. Louis, MO, USA) overnight at RT. 
After washing, slices were incubated with Alexa Fluor 
goat anti-rabbit 488 and Alexa Fluor goat anti-rat 633 
(Life technologies, Eugene, OR, USA) secondary antibod-
ies for 30 min at room temperature (RT). Slices were then 
rinsed and mounted with Vectashield mounting medium 
containing DAPI (Vector laboratories, Burlingame, CA, 
USA) and kept in the dark until analyzed.

The following stainings were performed on tissue 
obtained from the BBB opening and survival studies. For-
maldehyde fixed tissues were embedded in paraffin and 
sectioned into 5  µm slices using a microtome. Detailed 
observations of cellular and tissue structures in the brain 
were obtained by performing standard hematoxylin and 
eosin (HE) staining (Sigma Aldrich, St. Louis, MO, USA) 
on slide mounted brain samples. For paraffin embedded 
sections, slides were first deparaffinized in xylene, after 
which they were rehydrated in a series of alcohol baths. 
The sections were then stained with hematoxylin, rinsed 
and counterstained with eosin. Slices were dehydrated 
and mounted with mounting medium (Eukitt, Sigma 
Aldrich, Steinheim, Germany).

Vimentin staining was performed on paraffin embed-
ded tissue by initially deparaffinizing and rehydrating 
sections, followed by blocking of endogenous peroxi-
dases and permeabilization of the cell membrane with 
0.3% peroxide (Merck, Darmstadt, Germany) in metha-
nol (VWR, Fontenay-sous-Bois, France) for 30  min at  
RT. Antigen retrieval was performed using citrate buffer 
before incubation of the primary Mouse-α-Vimentin 

(1:4000, Monoclonal mouse anti-vimentin clone V9, 
Dako Denmark Glostrup, Denmark) for 1 h at RT. Vimen-
tin was visualized with EnVision αM/αR and 3,3′-diamin-
obenzidine (DAB) (Dako, Glostrup, Denmark). The slices 
were counterstained with hematoxylin, dehydrated and 
mounted with a coverslip with mounting medium.

Blood vessels were visualized on both 5  µm frozen 
(HSJD-DIPG-07, n = 3) and paraffin embedded tissue 
(non-tumor bearing control mice, n = 2). Frozen tis-
sue was fixed with 2% paraformaldehyde for 10  min. 
Slides were rinsed and aldehyde groups were blocked 
with glycine. Tissue was incubated with primary CD31 
rat anti-mouse antibody (1:50) and rabbit anti-mouse 
laminin (1:500) (Abcam, Cambridge, MA, USA) over-
night at RT. The following day, slides were washed and 
incubated with Alexa Fluor goat anti-rabbit 488 and 
Alexa Fluor goat anti-rat 633 secondary antibodies for 
60  min at RT. After rinsing, tissue was mounted with 
Vectashield mounting medium containing DAPI and 
kept in the dark until analyzed. Paraffin embedded con-
trol tissue (mice without tumor) was deparaffinized and 
rehydrated before antigen retrieval with Tris–EDTA 
Buffer (10 mM Tris Base, 1 mM EDTA Solution, 0.05% 
Tween 20, pH 9.0). The tissue was then incubated with 
glycin for 10 min to block aldehyde groups. Slides were 
incubated with Lycopersicon esculentum (tomato) lec-
tin (1:100, Vector laboratories, Burlingame, CA, USA) 
for 60 min at RT. Slides were rinsed and mounted with 
Vectashield mounting medium containing DAPI and 
stored in the dark.

Statistics
Survival analysis using Kaplan Meier and Log Rank test 
was performed in R (R Core Team (2017). R: A language 
and environment for statistical computing. R Foundation 
for Statistical Computing, Vienna, Austria. URL https://​
www.R-​proje​ct.​org/). Statistical significance was deter-
mined at p < 0.05.

Results
BBB opening
To optimize safe drug delivery, different pressures 
(200  kPa and 400  kPa) were applied to determine the 
extent of BBB opening in HSJD-DIPG-07 xenograft-bear-
ing mice. Figure 2A shows the detection of microbubbles 
after the first and second i.v. administration, followed by 
the rapid gradual clearance of the microbubbles from the 
vasculature (indicated by arrows). The frequency spec-
trum that monitored the stable and inertial cavitation of 
the microbubbles did not show inertial cavitation which 
can be observed by a sudden increase in noise floor 
(Fig.  2B). Rather, only a third harmonic was observed, 
indicative of stable cavitation. Treatment planning was 

https://www.R-project.org/
https://www.R-project.org/
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performed using a combination of X-ray and BLI, target-
ing the pontine region (Fig. 2C) [25].

Both pressures were well tolerated with no observation of 
bleeding or tissue damage, as shown with histology (Fig. 3). 
Moreover, the image-guided targeting of FUS resulted in 
the local opening of the BBB in the pontine region, as visu-
alized with Evans Blue, the golden standard to show BBB 
opening. However, we observed that the extent of BBB 
opening following 200  kPa was remarkably lower, exem-
plified by lower Evans Blue extravasation and inadequate 
coverage of the tumor region defined by human vimentin 
staining, 400 kPa was chosen for treatment (Fig. 3).

Survival analysis
BLI signal exponentially increased at day 37 after i.c. 
injections (Fig. 4A). Although BLI is not an exact measure 

for tumor size, it is a reliable indication of tumor growth 
and hence this was used to stratify mice into nine groups: 
(A) Control, (B) FUS only, (C) Vehicle liposomes + FUS, 
(D) systemic doxorubicin + FUS, (E) systemic doxoru-
bicin, (F) Caelyx® + FUS, (G) systemic Caelyx®, (H) 2B3-
101 + FUS, and (I) systemic 2B3-101 (n = 6 per group). 
At day 40, mice were treated and received 5 mg/kg dox-
orubicin, 5  mg/kg Caelyx®, 5  mg/kg 2B3-101 or 5  mg/
kg control liposomes. Mice maintained a stable weight 
directly after treatment, although weight decline was 
observed over time that correlated with increasing tumor 
growth measured with BLI (Supplemental Fig.  1). After 
treatment, mice underwent BLI twice weekly for two 
weeks and thereafter once a week until humane endpoint 
was reached. BLI monitoring did not reveal a decrease 
in signal intensity after treatment (Supplemental Fig. 2), 

Fig. 2  Cavitation detection and targeting. A The acoustic energy of the microbubbles reflected to the transducer recorded over 240 sonications. 
The two boli ejections (blue arrows) can be observed followed by rapid clearance of the microbubbles. B Integrated power spectrum of the 
3rd harmonic over time, indicating stable cavitation. No sudden increase in noise floor was observed. C Overlay of X-ray and BLI of mouse brain 
indicating the tumor in the red/yellow area. The target area is indicated with a hexagon (6 red dots)

Fig. 3  Sagittal brain sections of FUS treated HSJD-DIPG-07 xenograft-bearing mice showing safety and BBB opening. Left: HE stainings indicating 
no tissue damage after FUS at 200 and 400 kPa. Middle: Human vimentin staining showing the diffuse growth pattern of HSJD-DIPG-07 xenograft. 
Right: Evans Blue extravasation after FUS showing an overlap with the human vimentin (tumor) staining at 400 kPa while at 200 kPa the tumor area 
is not covered
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which indicates that tumor growth was not stalled or 
reduced. The survival curves of the different treatment 
groups overlap. Survival analysis, using Kaplan Meier and 
Log Rank, showed no significant differences between the 
different treatment groups (p = 0.3, Fig.  4B and Supple-
mental Fig. 3).

Liposome extravasation into the brain parenchyma
Since no significant difference in survival was observed, 
the presence of doxorubicin-loaded liposomes in the 
vasculature and brain parenchyma was investigated with 

immunofluorescence stainings. Therefore, sagittal slices 
of mouse brain were incubated with an anti-PEG anti-
body to determine the local extravasation of liposomes 
in the pontine area (Fig. 5). In non-tumor bearing mice 
(control), PEGylated liposomes were clearly extravasated 
and retained in the pontine area at 24 h after FUS treat-
ment. PEGylated liposomes were observed in the brain 
parenchyma, in close vicinity of the blood vessels, result-
ing in only a partial exposure. However, two out of three 
brains of tumor bearing mice treated with Caelyx® and 
FUS stained positive for liposomes in the blood vessels 

Fig. 4  BLI monitored tumor engraftment and survival following treatment. A Weekly BLI (photon/sec/m2) monitoring as a measure of tumor 
engraftment. The mean intensity of the background was subtracted from the tumor BLI. Exponential growth was observed 37 days after tumor 
implantation. B Survival analysis (Kaplan–Meier curve) of the different treatment groups. Day 0 is the start of treatment. “Days in experiment” 
represents the number of days after treatment. Differences in groups (n = 6 mice per group) were not statistically significant (p = 0.3)
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after 24 h but not in the brain parenchyma (Supplemental 
Fig. 4). One Caelyx® FUS and three 2B3-101 FUS-treated 
animals stained negative for PEG. The control groups 
also stained negative for liposomes.

Discussion
Current standard treatment for DIPG patients consist 
of radiotherapy in combination with adjuvant chemo-
therapy, resulting in a median overall survival of 11 
months [1, 26]. However, after years of preclinical and 
clinical testing of new therapeutic approaches, the over-
all survival of DIPG patients remains unchanged [1, 27]. 
It is thought that most drugs do not reach and maintain 
high enough drug concentrations in the tumor area and 
thus result in a low efficacy in patients [28, 29]. Various 
formulations of doxorubicin have been used in phase I/
II studies in both adult glioma and pediatric high-grade 
glioma population without clear benefit [30–32]. Most 
of these clinical studies have been initiated by promis-
ing in vitro results for many interesting drug candidates 
but in vivo do not show the same efficacy. One of the rea-
sons could be that drug concentrations are low. The BBB, 
which is believed to remain intact in patients with DIPG, 
limits the exposure of the drugs to the brain [4, 5]. Since, 
only small molecules (< 500  Da) can enter the brain 

parenchyma, only a limited number of drugs are suitable 
for adjuvant treatment in DIPG [6]. As most drugs that 
have been developed do not readily cross the BBB, drug 
delivery methods are needed to circumvent the BBB and 
allow these drugs to enter the parenchyma [7].

Microbubble-mediated FUS has been used successfully 
in several orthotopic models. This drug delivery method 
has been shown to specifically target the tumor area 
and locally increase drug concentrations [33, 34]. More 
importantly, FUS is a minimally invasive procedure with 
fast recovery times and no serious side effects. To date, 
FUS has been successfully used in preclinical glioma 
models using temozolomide, bevacizumab, carboplatin, 
BCNU, etoposide, and doxorubicin [18, 33–40]. In both 
a 9-L glioma rat model as well as a U87 mouse model 
temozolomide significantly increased median survival 
[33, 38]. Bevacizumab combined with FUS showed an 
increase in median survival in a U87 mouse model and 
normalization of the tumor vasculature was observed due 
to the bevacizumab-related block of vascular endothelial 
growth factor (VEGF) [34, 41]. FUS with carboplatin also 
showed improvement in survival in a U87 mouse model 
but had a non-significant result in a patient-derived cell 
line (6240 LN) [39]. Furthermore, BCNU and etoposide 
showed a significant survival benefit, respectively in C6 

Fig. 5  Immunofluorescent PEG staining on sagittal slices of FUS-treated mouse brains. A positive staining of liposomes (in green) was detected 
in the pontine region of control (non-tumor bearing mice) (upper panel) who received Caelyx®. The pontine/tumor area delineated with a yellow 
dotted line. In contrast, only few liposomes were observed in the blood vessels of the HSJD-DIPG-07 xenograft model that received Caelyx® (lower 
panel). In both panels endothelial cells are indicated in red (CD31 staining), nuclei in blue (DAPI)
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glioma rats and a syngeneic mouse model (MGPP3 har-
boring PDGF+, Pten−/−, P53−/−) [37, 40]. However, the 
compounds that have been studied most in adult glioma 
models in combination with FUS are doxorubicin and 
liposomal doxorubicin [36, 42, 43]. Combining free doxo-
rubicin with FUS resulted in an increase of drug concen-
tration in the brain and improved overall survival in SMA 
560 and GL261 glioma mouse models [36]. Furthermore, 
FUS in combination with a liposomal formulation of 
doxorubicin has shown improvement of survival in a 9L 
rat glioma model [18, 44]. However, here improvement 
in survival was accompanied by severe side effects com-
mon to doxorubicin such as skin toxicity, impaired activ-
ity, damage to surrounding brain tissue, tissue loss at the 
tumor site, and intratumoral hemorrhage [44].

Since FUS has been successful in treating different 
adult glioma models, we aimed to explore the use of 
this technique for the treatment of pediatric DIPG in 
a preclinical animal model. In  vitro, doxorubicin was 
found to be effective on primary cell cultures, including 
HSJD-DIPG-07 [17, 45]. Since doxorubicin was found to 
be effective in  vitro against DIPG cell lines and FUS in 
combination with (liposomal) doxorubicin has shown a 
survival benefit in glioma xenograft models, doxorubicin 
could be a good candidate for treatment of preclinical 
DIPG mouse model [17]. Ishida and colleagues recently 
showed that while FUS was able to enhance delivery of 
free doxorubicin into the brain, the combined use did 
not have the desired improvement in survival in a DIPG 
xenograft model [14]. Initially, Ishida and colleagues used 
5 mg/kg of doxorubicin in vivo, which led to severe toxic-
ity. Subsequently, a cumulative dose of 3 mg/kg (1.5 mg/
kg weekly over 2 weeks) was used. However, unexpected 
toxicity was once again observed while survival benefits 
were not realized [14].

We hypothesized that the use of FUS with various for-
mulations of PEGylated liposomal doxorubicin would 
reduce toxicity and expose the tumor for a prolonged 
period of time to doxorubicin. Contrary to Ishida et al., 
5 mg/kg of free doxorubicin did not result in severe tox-
icity in our mouse model. Previous experiments showed 
that 5  mg/kg doxorubicin was tolerated and not toxic 
to the animals (Sewing et al., and data not shown) [17]. 
However, we observed that longer treatment times with 
FUS (> 20 min) resulted in poor recovery and increased 
weight loss. Since MRI-guided FUS as used by Ishida 
has a longer treatment time than the BLI image-guided 
FUS we used in our study [25]. The use of doxorubicin in 
combination with MRI-guided FUS with long treatment 
times might have resulted in limiting toxicities. Besides 
differences in treatment times, in our study mice also 
received additional nutritional food supplement to aid 
recovery. Furthermore, the used mouse strain (NOD scid 

gamma (NSG) vs nude-foxn1nu), and tumor model (SU-
DIPG-17 vs DIPG-HSJD-07) differed in these studies, as 
well as the method to visualize tumor growth. 

Since PEGylated liposomes can be visualized with 
immunofluorescence, we stained the liposomes in both 
healthy controls and xenograft tissue to confirm deliv-
ery into the brain. Remarkably, liposomes were clearly 
observed in non-tumor bearing mice (control) tissue 
but not in HSJD-DIPG-07 brain tissue. In only two mice 
treated with Caelyx® and FUS we observed areas with 
PEGylated liposomes within the blood vessels but not 
in the brain parenchyma at 24  h after treatment. These 
liposomes were not limited to the FUS treated area, 
which therefore might indicate local areas of poor car-
diac perfusion. Hence, the lack of survival benefit might 
be a result of the lack of liposomes in the brain paren-
chyma, as observed already 24  h after treatment. The 
absence of liposomes might be caused by a high intratu-
moral pressure preventing accumulation of liposomes in 
the brain parenchyma [46]. Furthermore, the morphol-
ogy and functionality of endothelial cells might be altered 
in the presence of a tumor, which can have a negative 
effect on liposomal binding in the endocytosis/transcyto-
sis pathway, thus preventing liposomes to cross the BBB 
[47, 48]. Moreover, Alli et  al. showed a 50-fold increase 
in doxrobucin concentration upon FUS treatment in 
non-tumor bearing mice, while Ishida et al. showed only 
a four-fold increase in a DIPG model [16, 49]. Therefore, 
the lack of accumulation of doxorubicin and doxoru-
bicin liposomes might be intrinsic to the presence of a 
tumor or certain tumor type. These hypotheses should 
be further explored to explain the absence of liposomes 
24 h after FUS. However, the analysis of liposomes in the 
brain is problematic since conventional analytical meth-
ods such as mass spectrometry or high-pressure liquid 
chromatography (HPLC) cannot distinguish between 
blood vessel and brain parenchyma, consequently mak-
ing it impossible to determine the exact location of the 
liposomes. Additionaly, liposomes are packed with mul-
tiple doxorubicin molecules and therefore determina-
tion of doxorubicin concentration is not a good measure 
to calculate the concentration of the drug in the brain. 
Microdialysis would have enabled us to determine the 
presence of liposomes over time in the brain, but this 
technique requires a metal canula that will interfere with 
FUS and therefore was not suited for our experiments. 
Visualisation of liposomes in the brain and tumour 
regions following FUS treatment has also been unachiev-
able for other groups, which relied heavily on HPLC and 
MS in showing doxorubicin concentration rather than 
presence of liposomes [18, 43].

Another possible explanation for the lack of efficacy 
observed in both our study and in Ishida et  al. are the 
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pharmacokinetics and –dynamics of (liposomal) doxoru-
bicin in rodents, in relationship to the exposure needed to 
reach an effective local tissue area under the curve (AUC) 
in  vivo that can compare with in  vitro IC50. For the cell 
line used in our study, the IC50 was previously ascertained 
to be 40 nM at 96 h. In published data, after administra-
tion of 5 mg/kg doxorubicin in rodents a Cmax of 10 µg/
ml (18.4  µM) was reached just after injection but swiftly 
decreased to plasma concentrations between 0.1 and 
0.01 µg/ml at 72 h, corresponding to 184 nM and 18.4 nM 
respectively [50]. Alli et al. found a local brainstem tissue 
concentration of 824 nM, two hours after FUS and injec-
tion of 5 mg/kg doxorubicin in NGS mice [16]. If and how 
local tissue concentrations stay above the in vitro AUC can 
be debated. Potentially, the plasma wash-out goes hand in 
hand with decreasing local drug concentrations after FUS. 
With regard to the pharmacokinetics of liposomal formu-
lations, important differences are observed compared to 
free doxorubicin, with an up to 2.6 – 6.8 increased plasma 
AUC [51]. Of note however in this respect is the fact that 
this AUC mainly reflects the presence of encapsulated dox-
orubicin, which is released over a longer time frame, with 
free drug slowly released from the liposomes, long after the 
BBB has closed after FUS. Furthermore, in patients often 
lower single doses of doxorubicin are administered, rang-
ing between 1 – 1.6 mg/kg, which further limits the trans-
latability of our study towards clinical trials. Yet, a clinical 
study that evaluates the safety of Caelyx® in combination 
with transcranial MRI-guided FUS for adult brain tumor 
patients is currently planned as a basis for later studies to 
evaluate clinical efficacy (NCT02343991). Here, we aimed 
to compare the effects of Caelyx® and 2B3-101 – which 
both have been approved for clinical use – in combination 
with FUS to determine if there would be a treatment bene-
fit of any of those compounds. 2B3-101 has been designed 
specifically for the treatment of brain tumor patients and 
has been shown to have a 5-times higher drug delivery 
into the brain than Caelyx® (in the absence of FUS) [52], 
while the slightly smaller size of Caelyx® might enhance 
brain distribution after passing the BBB. However, since 
in our experiments no difference in survival was observed 
and both liposomes could not be visualized in the treated 
animals, we cannot draw any conclusions about the dif-
ference between Caelyx® and 2B3-101 after FUS treat-
ment. Regarding the programmed clinical trial, however, it 
should be noted that in various preclinical studies there is 
a clear difference in survival benefit between adult glioma 
and paediatric DIPG models. Both etoposide and doxoru-
bicin have been used in preclinical models of glioma and 
DIPG [14, 36, 37, 53]. While etoposide and doxorubicin 
prolonged survival in adult glioma models, these com-
pounds did not improve survival in preclinical models of 
DIPG, even after multiple treatments [37, 53]. This raises 

the question why is there a difference in efficacy, espe-
cially since etoposide was used in the same tumor model, 
with the only difference being the anatomical location of 
implantation. While there is little information on the per-
meability of the heterogenous BBB, there are indications 
that the BBB in the pontine region is more tightly regu-
lated than other areas of the brain [4]. This might result in 
different BBB opening dynamics with FUS. Furthermore, 
we observed that the liposomes do not diffuse far into 
the tissue and remain in the vicinity of the blood vessels 
exposing only a small pontine area to the drug. In a recent 
study in our group, we found that the number of blood 
vessels are reduced in DIPG patients compared to healthy 
controls [54]. This would limit the exposure of drugs after 
treatment with FUS due to the low blood vessel density. 
To design an effective treatment for DIPG, we therefore 
hypothesize that a combination of FUS with other modali-
ties could be beneficial. For example, low-freqency FUS 
has been shown to induce an immune response, such as 
an increased expression of pro-inflamatory cytokines, 
chemokines and infiltration of immune cells in the brain 
parenchyma [55]. However, more research is needed to 
investigate such combinations, as we could not determine 
the effects of FUS on the immune system in our (immune-
deficient) xenografts. Of note, the HSJD-DIPG-07 mouse 
model used in our experiments showed a relatively high 
number of vessels compared to healthy controls (392.5 
blood vessels/nm [2] versus 219.3 blood vessels/ nm [2] 
respectively), and therefore blood vessel count does most 
likely not explain the ineffectiveness of the treatment 
described here. As such, there are still a lot of uncertain-
ties before FUS can be translated into the clinic. Future 
research should investigate the exact reason why FUS in 
combination with various formulations of doxorubicin has 
been unsuccessful. Pharmacokinetic considerations are 
of high importance in the choice of drugs repurposed for 
FUS in this respect.

Conclusion
In conclusion, FUS is a non-invasive technique that has 
been successfully used in preclinical glioma models. 
Here, we report a third study investigating FUS for the 
treatment of DIPG that shows safety, but does not show 
survival benefit after treatment with doxorubicin, 2B3-
101, and Caelyx®. Further studies are needed to inves-
tigate the reason why FUS has a different response in 
DIPG xenograft models in order to translate into better 
treatments for this deadly pediatric brain cancer.
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Additional file 1: Figure S1. Weight registration, Weight (grams, y-axis) 
was regularly monitored to assess animal well-being over time (days, 
x-axis). Overall mice weight remained stable around the treatment day, 
indicated by a red dotted line. With increasing tumor growth, weight also 
decreased. Figure S2. BLI monitoring, BLI was measured twice a week 
for two weeks after treatment followed by once a week until humane end-
point was reached. For all mice, BLI signal did not decline after treatment, 
indicating tumor growth. Notably, in several cases BLI signal drastically 
dropped at humane endpoint. Dotted red line indicates time of treatment. 
Figure S3. Survival Analysis. Separated graphs from Figure 4 (Controls vs. 
Treatment). Day 0 is the start of treatment. “Days in experiment” represents 
the number of days after treatment. Figure 3A displays the survival curves 
of the control, vehicle FUS, and only FUS (p =0.2). Here, graphs overlap 
indicating no difference between the control groups. The same holds 
true for the treatment groups displayed in Figure 3B (survival curves of 
control, doxorubicin with FUS, and doxorubicin)(p = 0.7), 3C (control, 
Caelyx® with FUS, and Caelyx®)(p = 0.5) and 3D (control, 2B3-101 with 
FUS, and 2B3-101)(p = 0.9). Figure S4. Immunofluorescent (IF) staining 
on sagittal slices of mouse brains. A: IF of blood vessels (CD31 in red) and 
pegylated liposomes (anti-PEG in green) did not show the presence of 
liposomes 24 h after treatment except for mouse 1 and mouse 2 treated 
with Caelyx® and FUS. Yellow area indicates the tumor area. B: Enlarged 
picture shows the presence of Caelyx® liposomes in the cortex outside of 
the sonoporated area.
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