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Abstract
Background. Novel targeted therapies for children diagnosed with medulloblastoma (MB), the most common ma-
lignant pediatric brain tumor, are urgently required. A major hurdle in the development of effective therapies is the 
impaired delivery of systemic therapies to tumor cells due to a specialized endothelial blood-brain barrier (BBB). 
Accordingly, the integrity of the BBB is an essential consideration in any preclinical model used for assessing novel 
therapeutics. This study sought to assess the functional integrity of the BBB in several preclinical mouse models of MB.
Methods. Dynamic contrast enhancement magnetic resonance imaging (MRI) was used to evaluate blood-brain-tumor 
barrier (BBTB) permeability in a murine genetically engineered mouse model (GEMM) of Sonic Hedgehog (SHH) MB, 
patient-derived orthotopic xenograft models of MB (SHH and Gp3), and orthotopic transplantation of GEMM tumor cells, 
enabling a comparison of the direct effects of transplantation on the integrity of the BBTB. Immunofluorescence analysis 
was performed to compare the structural and subcellular features of tumor-associated vasculature in all models.
Results. Contrast enhancement was observed in all transplantation models of MB. No contrast enhancement was 
observed in the GEMM despite significant tumor burden. Cellular analysis of BBTB integrity revealed aberrancies in 
all transplantation models, correlating to the varying levels of BBTB permeability observed by MRI in these models.
Conclusions. These results highlight functional differences in the integrity of the BBTB and tumor vessel pheno-
type between commonly utilized preclinical models of MB, with important implications for the preclinical evalua-
tion of novel therapeutic agents for MB.

Key Points

1.  Tumors from patient-derived orthotopic xenograft models of MB display regions of 
disrupted BBTB.

2.  Tumors derived from our MCre:Ptch1 SHH GEMM contain an entirely intact BBTB.

3.  Structural vasculature defects correlate to varying levels of BBTB permeability.
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Medulloblastoma (MB) represents the most common malig-
nant pediatric brain tumor and the leading cause of cancer-
related mortality and morbidity in children.1 Four distinct 
molecular subgroups of MB have been defined, Wingless 
(WNT), Sonic Hedgehog (SHH), Group 3 (Gp3), and Group 4 
(Gp4), with a number of subtypes across these groups more 
recently recognized.2 Current standard-of-care treatment for 
average-risk patients results in 5-year survival rates of 70%–
85% and <70% for high-risk patients,1 dropping to less than 
10% for children that relapse.3 Patients that do survive suffer 
severe neuroendocrine-related side effects due to the inten-
sive, cytotoxic nature of existing treatment protocols on the 
immature brain. Clearly, there is an urgent need to identify 
improved novel therapeutic strategies that are less toxic and 
more effective.

Preclinical mouse models play a central role in the dis-
covery, development, and delivery of novel drug treat-
ments, with the inherent assumption that preclinical 
efficacy of novel targeted therapies translates into clinically 
relevant outcomes. However, this can only be achieved if 
preclinical mouse models closely recapitulate the genetics 
and biology of the human disease.4 Various murine models 
recapitulating each of the 4 MB molecular subgroups 
have been developed. Commonly used mouse models in-
clude predisposed germline, conditional inducible and 
transposon-based genetically engineered mouse models 
(GEMMs). Additionally, the field also employs orthotopic 
transplantation models using both mouse and human cell 
lines and patient-derived xenografts.5 Each of these models 
has clear advantages and disadvantages. Genetically en-
gineered mouse models play a fundamental role in ad-
dressing the tumor-forming potential of a given genetic 
mutation within a precise cellular lineage in the appropriate 
microenvironment and developmental setting. However, 
these models fail to represent the genetic heterogeneity 
or microenvironment of human tumors.4 Tumors derived 
from patient-derived orthotopic xenograft (PDOX) models 
address these limitations, since they have been shown to 
maintain the characteristics of the human primary tumors 
from which they were derived.6 Consequently, PDOX MB 
models are now widely used as the gold standard for pre-
clinical testing of novel therapeutics.7 Importantly, many of 
these preclinical studies in mice have led to clinical trials in 
children diagnosed with MB.

A major challenge for the discovery of novel therapeutics 
for pediatric brain tumors is the specialized vasculature 

comprising the blood-brain barrier (BBB). This selective 
and protective barrier functions to limit entry of potentially 
neurotoxic substances and pathogens into the brain.8 The 
BBB is maintained by a multicellular structure called the 
neurovascular unit, consisting of highly specialized blood 
endothelial cells (ECs), pericytes, astrocytes, neurons, 
and extracellular matrix components.8 Blood-brain barrier 
ECs are interconnected by highly continuous tight cell-cell 
junctions, lack fenestrations, and contain a low number of 
endocytotic vesicles.8 As a result, transendothelial passage 
of substances from the blood to the brain is predominantly 
limited to the passive diffusion of substances with cer-
tain physiochemical properties. Alternatively, substances 
can cross by active regulation through major endothelial 
transport systems.9 The nature of this physical and bio-
chemical BBB represents a significant obstacle for the de-
livery of agents to tumors of the central nervous system. 
Ineffective delivery is thought to be partially responsible 
for the failure of novel therapeutic strategies in early phase 
clinical trials after demonstrating significant preclinical 
antitumor efficacy.10 It is therefore imperative that preclin-
ical MB models used for the assessment of drug efficacy 
are capable of accurately assessing and predicting if novel 
therapeutic agents can cross the BBB, thereby enhancing 
efficient translation into the clinic.

Disruption of the BBB is observed in a number of path-
ological conditions, including brain tumors. Cancer cells 
disrupt the connectivity between normal brain and ECs 
leading to a breakdown of the BBB and the formation 
of a blood-brain-tumor barrier (BBTB).11 Clinically, BBB 
dysfunction in neurological neoplasms is commonly 
assessed by contrast-enhanced (CE) magnetic reso-
nance imaging (MRI) using a gadolinium-based contrast 
agent.12 Spatial heterogeneity in contrast enhancement 
is often observed13 and contrast enhancing regions and 
nonenhancing regions have been shown to exhibit sig-
nificantly different histopathology.14 Sonic Hedgehog 
and Gp3 MB patients present with heterogeneous en-
hancement patterns, whereas minimal or nonenhancing 
tumors are characteristic of Gp4 MB.15,16 The degree to 
which these clinical observations of BBB integrity are re-
capitulated in the wide array of preclinical mouse models 
for this disease remains to be determined. To date, the 
use of high-resolution MRI to interrogate the function-
ality of the BBTB in murine models of MB is extremely 
limited. Blood-brain-tumor barrier integrity has been 

Importance of the Study

Drug delivery across the BBTB is critical to the 
successful translation of novel therapies in neuro-
oncology. Despite this, the functional status of the 
BBTB in preclinical models of MB remains largely 
unknown and is rarely considered in the preclinical 
assessment of novel agents. Here, we show for the 
first time that BBTB integrity is highly variable in pre-
clinical models of MB raising questions as to the 
scope of the translational relevance of these models. 

Furthermore, we show variability in the cellular and 
molecular alterations underlying BBTB disruption and 
demonstrate that these differences correlate with im-
aging phenotypes derived from in vivo MRI. Our find-
ings highlight the importance of characterizing the 
functional status of the BBTB in preclinical models 
of MB and we propose that these methods should be 
adopted more broadly in preclinical drug discovery 
for pediatric brain tumors.
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examined on the basis of MRI for only one mouse model 
of MB. In this study, the majority of the tumors gener-
ated in the Smoothened homozygous (Smo:Smo) GEMM 
of the SHH subgroup maintained an intact BBTB.17 A sub-
sequent study utilizing dextran leakage as a measure 
of vessel permeability identified a compromised BBTB 
following orthotopic transplantation of mouse in WNT 
(mWNT) but not mouse SHH (mSHH) tumors from var-
ious GEMMs.18 Given PDOX models are the most fre-
quently used models for the preclinical evaluation of 
novel therapeutics, the paucity of high-quality preclinical 
data on the status of the BBTB remains of interest.

Here, we use high-resolution MRI to interrogate the in-
tegrity and permeability of the BBTB in several preclin-
ical models of MB. Subsequent pharmacokinetic (PK) 
modeling of dynamic contrast-enhanced (DCE) MRI data 
was used to derive the rate constant defining the transfer 
of contrast agents from the vascular lumen to the extra-
vascular space (Ktrans).19 We investigate the structural and 
cellular features of the blood vasculature in Math1Cre-
driven Patched1 (MCre:Ptch1) SHH GEMM tumors (ho-
mozygous inactivation of Ptch1 in MCre-derived granule 
neuron progenitors of the cerebellum), in an orthotopic 
transplantation model of the MCre:Ptch1 SHH GEMM 
tumors (Ortho-MCre:Ptch1), and in both SHH and Gp3 
PDOX tumors. We subsequently correlate trends in 
the kinetics of contrast enhancement observed in each 
tumor model to the morphology of cell-cell junctions in 
the vasculature and to the expression of plasmalemma 
vesicle-associated protein (Plvap), a key component of 
stomatal and fenestral diaphragms.20 Our data indicate 
that the function and organization of vascular networks 
are not only significantly different between distinct mo-
lecular subgroups of MB, but that the process of engraft-
ment also compromises BBTB integrity. Furthermore, we 
show that differences in contrast enhancement patterns 
and the kinetics of contrast agent uptake in the tumor as-
sessed by DCE MRI correlates with both the organization 
of tumor vasculature and with molecular differences in 
the BBTB.

Methods

Mice

All experimentation was reviewed and approved by The 
University of Queensland Molecular Biosciences animal 
ethics committee. Six- to 10-week-old NOD.Cg-Prkdcscid 
Il2rgtm1Wjl/SzJ (NSG) mice were originally purchased 
from The Jackson Laboratory (Bar Harbor, ME) and 
maintained as a colony at the Translational Research 
Institute, University of Queensland. Mice with granule 
neuron progenitor-specific deletion of Ptch1 were gen-
erated by breeding animals carrying the conditional 
Ptch1 (Ptch1Lox/Lox)21 with Math1Cre (Math1Cre) trans-
genic mice.22 Experiments described in this study were 
conducted on 4 groups of mice designated: MCre:Ptch1 
(n = 5), SHH PDOX (n = 3), GP3 PDOX (n = 3), and Ortho-
MCre:Ptch1 (n = 3).

Orthotopic GEMM and PDOX Transplantation 
Models of MB

Studies were conducted using orthotopic transplanta-
tion of tumor cells derived from MCre:Ptch1 mice, Med-
411FH, and Med-1712FH PDOX models. Med-411FH and 
Med-1712FH were generated in the Olson Laboratory 
(Fred Hutchinson Cancer Research Center, Seattle) using 
pediatric patient tumor tissue obtained from Seattle 
Children’s Hospital with approval from the Institutional 
Review Board. Med-411FH is a MYC-amplified Gp3 MB 
with large cell/anaplastic morphology that was derived 
from a 3-year-old male patient. Med-1712FH is a SHH 
MB with desmoplastic/nodular morphology, derived 
from a 4.9-year-old patient. Patient-derived orthotopic 
xenograft lines were established and propagated as 
previously described and genomic analysis performed 
to compare to primary tumors from which they origin-
ated.6,7 To generate the ortho-MCre:Ptch1 model, tumors 
from MCre:Ptch1 were harvested and immediately pro-
cessed for orthotopic transplantation into NSG mice. 
Tissue was processed as per standard protocol using 
enzymes from brain tumor dissociation kit ((P) 130-
095-942), with this single cell suspension filtered, cen-
trifuged, and resuspended in serum-free Dulbecco’s 
modified Eagle’s medium to a concentration of 1 × 106 
cells/μL. Two microliters of the cell suspension (2 × 106) 
cells was injected into NSG mice using the exact pro-
tocol as PDOX tumors.7

MRI Acquisition and Image Analysis

Mice were imaged on a Bruker 7T ClinScan fitted with a 
23-mm volume coil. A  cannula preloaded with Gadovist 
(100  µL,0.2  mmol/mL) was placed in the tail vein. 
Imaging sequences included a 3D DIXON-VIBE image  
(repetition time [TR] = 12 s, echo time [TE] = 1.78 s, fractional 
anisotropy [FA] = 4° and 21°, 0.12 mm isotropic resolution) 
followed by a series of 2D sagittal T2 weighted slices (TSE, 
TR = 4372 s, TE = 45 s, slice thickness = 0.7 mm, in-plane res-
olution = 0.08 mm) and a series of 80 DCE images (3D VIBE, 
TR = 10 s, TE = 0.93 s, FA = 21°, slice thickness = 0.63 mm, 
in-plane resolution = 0.195 mm, temporal resolution = 8 s) 
prior, during, and postinjection of Gadovist. Finally, the 
3D VIBE image was repeated to obtain a T1 weighted CE 
image. All images were first coregistered to a precontrast 
3D T1 weighted image using affine transformation only 
and T2 enhancing volume was manually segmented for 
each mouse. This volume was transformed onto DCE par-
ametric maps for calculation of mean PK parameters. For 
MCre:Ptch1 mice where T2 enhancement was minimal, the 
whole cerebellum was segmented.

DCE MRI Analysis

Pharmacokinetic analysis of DCE MRI images was per-
formed on an image series of 80 T1 weighted transverse 
images acquired before, during, and after contrast agent 
injection. The parameters Ktrans and Ve were calculated on 
a voxel-wise basis using an extended Tofts 3-parameter 



735Genovesi et al. Orthotopic models of MB lack a blood-brain barrier
N

eu
ro-

O
n

colog
y

model (see Supplementary Material for details). For com-
parison between groups, parametric maps were registered 
to the T1 weighted precontrast image and segmented vol-
umes were applied to parametric maps to extract values of 
mean Ktrans and Ve.

Immunohistochemistry and Immunofluorescence 
Analysis of Tumors

Antibody markers were analyzed on 7 micron, paraffin-
embedded sections via standard immunofluorescence 
techniques using the following antibodies: PLVAP (BD 
Biosciences #553849, 10  μg/mL), CD31 (Abcam #28364, 
1:50), Glucose transporter 1 (Glut1) (Merck #07-1401, 
10  μg/mL), Glial fibrillary acidic protein (GFAP) (Merck 
#MAB360, 1:100), Claudin 5 (CLDN5) (Abcam #131259, 
1:100), and human mitochondria (huMITO) (Merck 
#MAB1273, 1:50). AF594-labelled donkey anti-rabbit or 
AF488 donkey anti-rat or anti-mouse (1:250, Invitrogen) 
secondary antibodies were used and sections counter-
stained with DAPI (Sigma Aldrich). Images were captured 
using Zeiss Axiovert 200 confocal microscope with LSM 
710 scanner with presented as the sum of the Z-stack pro-
jection. Immunohistochemistry analysis was performed 
using the following primary antibodies: carbonic anhy-
drase IX (CAIX) (Creative Biolabs, #PABZ-017), hypoxia-
inducible factor 1 subunit α (HIF1α) (Novus Biologicals, 
#NB100-449), and anti-CD31 antibody (1:1000, Santa 
Cruz Biotechnology, Dallas, TX). Images were obtained 
using Olympus BX-51 microscope. For all stains, 3 
sections from each mouse were analyzed per model, 
with a total of 3 mice per model assessed. Staining was 
visualized using Vectastain Elite ABC and ImmPACT DAB 
(Vector Laboratories, Burlingame, CA). The CD31-stained 
sections were further stained using a periodic acid-
Schiff (PAS) staining kit from Merck Millipore (Burlington, 
MA) according to manufacturer’s instructions. Stained 
sections were scanned by the whole slide image (WSI) 
scanner (Hamamatsu NanoZoomer Slide scanner). All 
slides were de-identified prior to scoring and tumor vas-
culature was manually counted with the EC-lined blood 
vessels (CD31+PAS+) and VM structures (CD31−PAS+) 
confirmed by the presence of RBCs or WBCs within 
the lumen. As tumor sizes varied, the number of fields 
of view (FsOV) available for analysis differed with 3–9 
FOV available per tumor. To quantify the density of VM 
networks, a 1–4 scoring system was undertaken of the 
colorimetric PAS reaction for each of the de-identified 
tumor sections, with 4 representing the highest PAS+ 
network within a section. Fluorescence emission from 
PAS staining was photographed on a Zeiss LSM 710NLO 
microscope.

In Silico Promoter Screening

The minimal HIF binding consensus sequence RCGTG was 
obtained from.23 The PLVAP promoter sequence up to the 
transcription start site (TSS) was downloaded from the 
Ensembl database24 and screened for the presence of the 

RCGTG sequence using MacVector DNA Analysis Software 
package (version 12.7.4).

Results

Orthotopic Transplantation Models of MB Lack a 
Functional BBTB

To investigate the integrity of the BBTB, we acquired a com-
bination of structural MR images as a proxy for vascular 
integrity, including CE T1 and T2 weighted images. Contrast-
enhanced T1 weighted images acquired after injection of 
gadolinium-based contrast agents are used to define the 
tumor mass characterized by a disrupted BBTB, as the extrav-
asation of contrast agent occurs only in compromised vascu-
lature.25 T2 weighted images acquired prior to contrast agent 
injection are used to characterize the entire tumor volume, 
comprehensive of vasogenic edema caused by nonenhancing 
infiltrating tumor with an intact BBTB, which is defined by 
regions of signal hyperintensity caused by reactive changes 
in the tumor microenvironment.25 Visual comparisons of 
coregistered T2 weighted images and CE T1 weighted images 
show a dramatic difference between tumors originating from 
(1) MCre:Ptch1 SHH mice (Figure 1A, E, and I), (2) SHH PDOX 
(Figure 1B, F, and J), (3) GP3 PDOX (Figure 1C, G, and K), and 
(4) ortho-MCre:Ptch1 SHH tumors (Figure 1D, H, and L). Both 
SHH PDOX and Gp3 PDOX show significant contrast enhance-
ment across the majority of the tumor volume (Figure 1I and 
J). The invasive front of SHH PDOX tumors show minimal con-
trast enhancement (yellow arrow, Figure 1F and J), indicating 
that in this model there is a difference in vascular integrity 
where tumor tissue meets the brain parenchyma. In contrast, 
MCre:Ptch1 tumors display no contrast enhancement across 
the entire tumor volume despite significant tumor burden, 
indicating that MCre:Ptch1 tumors exhibit a fully functional 
BBTB. However, upon orthotopic transplantation of these tu-
mors, referred to as ortho-MCre:Ptch1, the entire tumor mass 
presents with contrast enhancement. To ensure that the sur-
gical procedure itself did not result in the same imaging phe-
notype, we performed intracranial injections of the matrigel 
solution alone in mice and acquired MR images  2 weeks 
postsurgery. No contrast enhancement was observed in this 
group of mice (Supplementary Figure 1), indicating that the 
surgical procedure alone is not responsible for breakdown of 
the BBTB. Taken together, these data indicate that distinct bio-
logical processes govern tumor vascularization in tumors that 
initiate endogenously compared to orthotopic tumor cell en-
graftment in an host mouse. Therefore, our data indicate that 
the process of orthotopic transplantation to generate a tumor 
leads to defective vasculature and BBTB permeability.

Gp3 PDOX and Ortho-MCre:Ptch1 SHH Tumors 
Display Greater BBTB Disruption Than an SHH 
PDOX Model of MB

To further investigate the functionality of the BBTB in each 
model, we performed PK analysis on a series of T1 weighted 
MR images acquired dynamically during uptake of Gadovist. 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa266#supplementary-data
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Uptake curves for each of the models are distinctly different 
leading to different trends in PK parameters, indicating 
subtle differences in the mechanism of BBTB dysfunction 
(Figure  2E–H). More detailed analysis revealed that the 
SHH PDOX model is characterized by a gradual uptake of 
contrast agent with no peak during the imaging window. 
The Gp3 PDOX and Ortho-MCre:Ptch1 models however 
both show a rapid uptake phase followed by steady de-
crease in longitudinal signal relaxation rate (R1). This is re-
flected in the higher value of Ktrans 26 for both of these models 
(Figure 2I). These data indicate that the transfer of contrast 
agent from circulation to tissue occurs more rapidly, po-
tentially indicating a different mechanism of transport in 
these 2 models. Additionally, the rate of decrease in R1 is 
faster in the ortho-MCre:Ptch1 model than in the Gp3 PDOX, 
indicating that the retention of contrast agent in the ortho-
MCre:Ptch1 tumor tissue is greater in the Gp3 PDOX. This is 
reflected in the lower value of Ve

26 in the ortho-MCre:Ptch1 
model (Figure 2J). These distinct signatures in the kinetics of 
contrast agent uptake indicate subtle differences in the per-
meability of the vasculature and prompted us to investigate 
vascular characteristics on a molecular level.

Disorganized EC-Cell Junctions Are a Hallmark of 
BBTB Disruption in Orthotopically Transplanted 
MB Models

Histological analysis of brain tumor sections re-
vealed vessel-like structures of varied size and shape 
(Figure  3A–D). To quantify newly formed tumor vascula-
ture that sprouted from existing blood vessels through an-
giogenesis, tissue sections were stained with EC-specific 
marker, anti-CD31/PECAM-1, and PAS which stains base-
ment membranes rich in collagen and laminin.27 Tumor 
vasculature devoid of an EC lining (CD31-) has been pre-
viously characterized as vasculogenic mimicry (VM), 
whereby cancer cells mimic ECs to form their own vas-
cular structures.28 Supplementary Figure 2A exempli-
fies the closed loops of (1) CD31+PAS+ vessels formed 
by angiogenesis and (2) CD31−PAS+ VM detectable in 
MB. Blinded analysis of tumor vasculature in the 4 tumor 
groups indicated increased angiogenesis (Supplementary 
Figure 2B) and increased VM (Supplementary Figure 2C) 
in all orthotopic transplantation tumors. We observed a 
significant increase in the PAS+ VM network score in the 
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Fig. 1 Contrast-enhanced MRI phenotype in tumors derived from murine, PDOX, and allograft models of MB. Representative T2 weighted and 
T1 weighted contrast-enhanced MR images and coregistered fusion images in MCre:Ptch1 (A, E, I), SHH PDOX (B, F, J), Gp3 PDOX (C, G, K), and 
ortho-MCre:Ptch1 (D, H, L). Tumor volumes are outlined in red dashed lines (A–H) and white dashed lines (I–L). A region of noncontrast enhancing 
tumor in SHH PDOX mice is highlighted by the yellow arrows (F and J). MB, medulloblastoma; MRI, magnetic resonance imaging; PDOX, patient-
derived orthotopic xenograft; SHH, Sonic Hedgehog.  
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MCre:Ptch1 tumors above all others, suggesting denser 
extracellular matrix and thus more rigid vessel environ-
ment (Supplementary Figure 2D).

Adhesion molecule CD31 resides at cell-cell junctions 
of ECs and is known to regulate junctional integrity of 
the BBB.29 We therefore assessed the junctional local-
ization of CD31 and observed that MCre:Ptch1 tumors 
exhibit an organized, linear expression of CD31, clearly 
outlining a continuous vessel structure (Figure  3E). In 
contrast, diffuse, irregular, and punctate CD31 staining 
was observed in the SHH PDOX (Figure 3F), Gp3 PDOX 

(Figure  3G), and ortho-MCre:Ptch1 tumors (Figure  3H). 
We also observed focal loss of EC CD31 expression 
which is characteristic of “mosaic tumor vessels,” previ-
ously identified in colon carcinoma PDOX models30 and 
linked to tumor vessel leakiness.31 These findings were 
confirmed on the basis of an additional EC tight junc-
tion protein critical to maintaining BBB integrity, CLDN5 
(Supplementary Figure 3).9 Astrocytes maintain BBB in-
tegrity by secreting factors that upregulate tight junc-
tion protein expression in ECs of the BBB.8 Therefore, 
differences in the expression of EC junctional markers 
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could reflect variations of these cells within the NVN. 
CLDN5-expressing tumor vessels were devoid of astro-
cytes within SHH PDOX and Gp3 PDOX, with minimal as-
trocytic coverage of CLDN5-expressing vessels observed 
in ortho-MCre:Ptch1 tumor (Supplementary Figure 3). 
In contrast, extensive astrocytic encircling of CLDN5-
expressing vessels was observed within MCre:Ptch1 tu-
mors (Supplementary Figure 3). Diffuse, irregular CD31 
and CLDN5 expression in all orthotopic transplantation 
models of MB strongly suggest that defects in intercel-
lular adhesion between ECs contribute to the focal par-
acellular, hyperpermeability of tumor vessels and the 
lack of a functional BBTB in all orthotopic transplantation 
models irrespective of subgroup.

Gp3 and Ortho-MCre:Ptch1 PDOX Models 
Develop Fenestrated Tumor Vessels Resulting in 
a Compromised Barrier

To further investigate why Gp3 PDOX MB and Ortho-
MCre:Ptch1 SHH MB tumors display a greater BBTB 

disruption than other models, we next assessed the 
subcellular expression of proteins that are essential for 
BBB integrity. Plvap is an EC-specific structural protein 
necessary for fenestrated endothelium and is normally 
expressed in primitive vasculature prior to the induction 
of BBB properties and in tumor vessels undergoing angi-
ogenesis.9,20 Immunofluorescence analysis identified that 
all tumor models contain CD31+/Plvap− vessels, charac-
teristic of intact BBB. In Gp3 PDOX and ortho-MCre:Ptch1 
SHH tumors, we also identified a proportion of CD31+/
Plvap+ vessels (Figure  3G and H). CD31+/Plvap+ vessels 
which were largely confined to the central region of the 
tumor mass (Supplementary Figure 4). Counterstaining 
with a human-specific mitochondrial antibody confirmed 
that CD31+/Plvap+ vessels within Gp3 PDOX tumors 
were of murine origin (Plvap+/huMITO−) (Supplementary 
Figure 5). Given fenestrae act as physical sieves control-
ling the transendothelial exchange of molecules, these 
data indicate that CD31+/Plvap+ vessels likely contribute 
to transcellular leakage of systemically administered com-
pounds from blood to tissue. These findings are consistent 
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with the distinct differences in the kinetics of uptake of MR 
contrast agent we identified when comparing the SHH 
PDOX and Gp3 PDOX and ortho-MCre:Ptch1 SHH tumors.

Given that Plvap is repressed during BBB induction,32 we 
next examined vascular expression of Glucose transporter 
1 (Glut1). Glucose transporter 1 is a major glucose trans-
porter in the mammalian BBB crucial to the induction of 
the barrier properties a mature BBB.9 While tumors from 
all 4 models contained vessels with a Glut1+/Plvap− BBB-
like vasculature (Figure 3M and N), the ortho-MCre:Ptch1 
and Gp3 PDOX tumors also contained vessels with regions 
of immature Glut1−/Plvap+ vasculature (Figure 3O and P). 
Together, the presence of Plvap and concomitant absence 
of Glut1 absence in the tumor-associated vasculature of 
ortho-MCre:Ptch1 and Gp3 PDOX MB models indicates a 
failure to establish a specialized BBB in these models.

Elevated Levels of Hypoxic Markers Correlate 
to Vascular Defects in All Orthotopic 
Transplantation Models of MB

Intratumoral hypoxia is a well-known driver of neo-
vascularization, resulting in the formation of disorganized, 

tortuous, and leaky vasculature.33 On this basis, we next 
asked whether hypoxia contributed to the various vas-
cular defects observed across all orthotopic transplanta-
tion models by examining HIF1α expression, a well-known 
marker of cellular hypoxia. Hypoxia-inducible factor 1  α-
positive regions were observed throughout SHH PDOX 
(Figure 4B), Gp3 PDOX (Figure 4C), and ortho-MCre:Ptch1 
SHH tumors (Figure 4D), with focally intense regions ob-
served in both the SHH PDOX and ortho-MCre:Ptch1 SHH 
tumors. In contrast, HIF1α expression was not detect-
able in MCre:Ptch1 tumors (Figure 4A). In agreement with 
these observations, we identified intense focal staining 
for CAIX, an important mediator of hypoxia and down-
stream target gene of HIF1α,34 in SHH (Figure 4F) and Gp3 
PDOX (Figure 4G), and a more moderate staining pattern 
in ortho-MCre:Ptch1 SHH tumors (Figure  4H). Consistent 
with the HIF1α staining, CAIX staining was completely ab-
sent in tumors from MCre:Ptch1 tumors (Figure 4E). These 
data indicate that upregulation of hypoxia-related markers 
is positively correlated to the extent of BBTB disruption 
across our models. To evaluate whether HIF1α might be di-
rectly regulating structural proteins of leaky endothelium, 
the PLVAP promoter around the TSS was scanned for the 
presence of the minimal HIF binding consensus sequence 
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RCGTG.23 We identified 2 potential HRE sites within this 
region, 506 and 381 nucleotides (nt) upstream of the TSS 
of PLVAP (Figure 4I). Taken together, our data suggests that 
hypoxia might be the driving factor initiating the forma-
tion of aberrant, dysfunctional vasculature in all orthotopic 
transplantation models. The absence of hypoxia in tumors 
from MCre:Ptch1 mice is likely due to coevolution of tumor 
cell proliferation with vascularization at a rate that main-
tains tissue normoxia, facilitating the formation of func-
tional intact vasculature.

Discussion

New targeted therapies are urgently needed for children 
diagnosed with MB. However, the development of novel 
therapeutics is met with several challenges, including the 
very high attrition rate of candidate anticancer agents in 
clinical trial. The fundamental disconnect between the ef-
ficacy of anticancer agents observed in preclinical models 
and translation into clinical efficacy is well recognized, with 
only 5% of new agents entering clinical trial displaying suf-
ficient activity to ultimately lead to licensing.35 Hence, there 
is mounting pressure for (1) extensive testing employing 
representative preclinical models that are more predictive 
of the clinical setting and (2) defining outcome measures 
that are informative of treatment efficacy. Magnetic reso-
nance imaging offers a wide diversity of contrast mech-
anisms ideally suited to intracranial neoplasms, allowing 
measurement of BBTB breakdown in a noninvasive and 
longitudinal manner.15,16 This is the first study to use high-
resolution CE and DCE MRI to interrogate the integrity and 
permeability of the BBTB and correlate this to structural 
features of tumor-associated vasculature in preclinical 
models of MB. Our data highlight the importance of con-
sidering the BBTB in assessing the clinical efficacy of novel 
therapeutic agents in preclinical studies for MB, thereby 
ensuring only clinically effective drugs enter trial.

Failure to appropriately treat and deliver therapeutics to 
all regions of the tumor, including those protected by an in-
tact BBTB, results in residual disease following therapy and 
likely acts as the source of recurrence.36,37 Comprehensive 
analysis of patterns of tumor recurrence has identified ap-
proximately 30% of all relapse patients as presenting with 
local relapse, with SHH tumors in particular largely recur-
ring in the local tumor bed.38 Undoubtedly, local relapse 
is partly a consequence of failure to deliver therapy to the 
entire primary tumor mass. Clinical MR gadolinium-based 
imaging studies have failed to identify the entire tumor 
margin in patients diagnosed with Gp3 and SHH MB, 
largely due to infiltrating tumor cells residing within an 
intact BBTB which remain undetectable by this method of 
imaging.15,16 These findings have significant implications 
for anti-tumor treatment efficacy, as these undetectable 
regions are not resected by MRI-assisted surgery and are 
also protected from the delivery of therapeutics that do not 
penetrate the BBTB. Indeed, previous studies have shown 
that therapeutic sensitivity and favorable patient prognosis 
correlates to the presence of a disrupted BBB.18 Therefore, 
in order to make significant progress in eradicating MB, 
particularly those diagnosed with recurrent MB which 

is almost universally fatal,38 it is imperative to move for-
ward with clinical therapeutic agents that are effective at 
crossing intact vasculature.

The extent of the heterogeneity of vasculature within 
MB not well defined. Elevated vascular endothelial growth 
factor (VEGF), a principal angiogenic factor,39 was identi-
fied in cell line based xenograft Gp3 models and patients 
with Gp3 MB relative to other molecular subgroups, sug-
gesting a role for angiogenesis in this subgroup.40 Tumor 
neovascularization not only occurs through angiogen-
esis, but a number of additional mechanisms including 
VM, transdifferentiation of tumor cells into tumor ECs, and 
vessel co-option.39 The identification of CD31+PAS− and 
CD31−PAS+ vessels imply that both angiogenesis and VM 
contribute to tumor vascularization in preclinical models of 
both SHH and Gp3 MB. VM has been identified in 22% of 
MB patients and was associated with reduced survival.41 
Antiangiogenic agents have no effect on VM42 and have 
been shown to induce VM formation,43,44 raising questions 
to the appropriateness of targeting angiogenic pathways 
in MB. Importantly, phase II clinical trials investigating 
the survival benefit of Bevacizumab in combination with 
chemotherapy in pediatric patients diagnosed with re-
current MB are currently underway (NCT01217437 and 
NCT01356290). Our data reveal that these studies should 
be interpreted with caution and that further characteriza-
tion of tumor vasculature within MB is necessary to guide 
both angiogenic and non-angiogenic treatment regimens.

The data presented here highlight the importance 
of appropriate model selection in the evaluation of any 
novel therapy. Sonic Hedgehog MB tumors initiated 
in MCre:Ptch1 GEMM present with a completely intact 
BBTB, similar to previously described Smo:Smo SHH 
MB GEMM tumors.17 This intact setting recapitulates the 
status of the BBB observed in patients diagnosed with 
Gp4 MB,15 highlighting not only the importance of GEMM 
models in addressing MB recurrence, but that GEMM 
models are essential for therapeutic development for Gp4 
MB subgroup tumors. In contrast, PDOX and transplanted 
ortho-MCre:Ptch1 tumors display heterogeneous BBTB 
disruption. These models are representative of the BBTB 
phenotype observed in patients with Gp3 and SHH MB15,16 
and are histologically and genomically representative of 
the human tumors of which they were derived.6 However, 
our findings clearly show that caution is required given 
the prolific use of PDOX models for the assessment of 
new therapeutic approaches for MB. We propose that in 
addition to evaluating whether or not a particular agent 
extends the survival of tumor-bearing mice, that it is im-
perative to investigate successful distribution of an agent 
across regions of a tumor with intact vasculature and/or 
assessment in tumors with an entirely intact BBTB, such 
as those observed in GEMM, is crucial for realistic trans-
lation into the clinic and ultimately improving patient 
prognosis.

Supplementary Material

Supplementary material is available at Neuro-Oncology 
online.
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