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Children diagnosed with brain tumors have the lowest overall survival of all pediatric cancers. Recent
molecular studies have resulted in the discovery of recurrent driver mutations in many pediatric brain
tumors. However, despite these molecular advances, the clinical outcomes of high grade tumors,
including H3K27M diffuse midline glioma (H3K27M DMG), remain poor. To address the paucity of
tissue for biological studies, we have established a comprehensive protocol for the coordination and
processing of donated specimens at postmortem. Since 2010, 60 postmortem pediatric brain tumor
donations from 26 institutions were coordinated and collected. Patient derived xenograft models
and cell cultures were successfully created (76% and 44% of attempts respectively), irrespective of
postmortem processing time. Histological analysis of mid-sagittal whole brain sections revealed
evidence of treatment response, immune cell infiltration and the migratory path of infiltrating
H3K27M DMG cells into other midline structures and cerebral lobes. Sequencing of primary and
disseminated tumors confirmed the presence of oncogenic driver mutations and their obligate
partners. Our findings highlight the importance of postmortem tissue donations as an invaluable
resource to accelerate research, potentially leading to improved outcomes for children with aggressive
brain tumors.
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Brain tumors are the most common childhood malignancy, and are the leading cause of cancer-related mortality
in children"?. Gliomas are the most common type of pediatric brain tumors®. Among these, pediatric high grade
gliomas are the most aggressive, with an average 5-year overall survival of only 20%. The high rate of mortality
poses a need for improved understanding of tumor biology, so this information can be used to develop new
targeted therapies and design effective clinical trials.

Discoveries of epigenetic and molecular subgroups of pediatric high grade glioma are primarily based on
genomic studies conducted on tumors collected at the time of primary diagnosis, recurrence, or post-mor-
tem. Hemispheric, non-midline GBMs are typically surgically resected at diagnosis, and exhibit intratumor
heterogeneity and plasticity, where glioma stem cells resemble neural progenitor-, oligodendrocyte precur-
sor-, astrocyte and mesenchymal-like states®. Tumor driver mutations found in pediatric glioblastoma (GBM)
include BRAFV600E point mutations, alterations in NF1, TP53, EGFR, and PDGFRA with or without concurrent
CDKN2A/B deletions, and histone 3.3 G34R/V mutations® . Tyrosine receptor kinase (TRK) fusions (NTRK1,
NTRK2, NTRK3, ALK, ROS, MET) are also seen in up to 50% of infant GBM®!1-12,

In contrast to hemispheric gliomas, diffuse midline gliomas (DMGs) are rapidly growing tumors that arise
in midline region of the brain and are typically not amenable to surgical resection. DMGs affect over 1,000
children every year in the United States and Europe with a 5-year overall survival of only 2%". Previously, the
lack of surgical specimens, coupled with the rarity of this disease, led to a paucity of tissue specimens available
for molecular studies and the generation of preclinical models. However, over the past 8 years, there has been
a surge in the molecular understanding of DMG tumors including the identification of novel oncohistones, the
putative cell of origin, and mutational landscape>*~'>!*2. Qur improved understanding of DMG tumor biology
occurred, in large part, due to the increased availability of tumor tissue through rare diagnostic biopsies®** and
more frequently from the donation of postmortem specimens?®.

Oncohistones are genetic driver events found in over 60% of pediatric high grade gliomas, where histone 3.3
G34R/V mutations primarily occur in hemispheric gliomas and histone 3 K27M (H3K27M) mutations occur
in midline (brainstem, thalamus, spinal cord) brain anatomical location®'%?*, The predominant presence of
heterozygous K27M mutations in genes encoding the histone 3 variants 3.1, 3.2, and 3.3 (H3F3A, HIST1H3B/C,
HIST2H3C) in midline gliomas led to the revised classification of “H3K27M diffuse midline glioma” by the
World Health Organization in 2016%. Diffuse intrinsic pontine glioma (DIPG), which originates in the pons of
the brainstem, belongs to the H3K27M DMG classification of tumors.

We and others have shown that H3K27M is thought to arise as an initial oncogenic driver event in mid-
line gliomas, followed by secondary genomic alterations in cell cycle regulatory and growth factor signaling
pathways?~2%. The putative cell of origin of H3K27M DMG is an oligodendrocyte precursor-like cell, which
is highly proliferative, capable of self-renewing, and exhibits high expression of PDGFRA'. Among H3K27M
DMGs, H3.3 K27M mutated tumors occur in all midline locations, co-occur most frequently with TP53 pathway
alterations, are resistant to radiotherapy, and harbor the worst overall survival (median 11 months) compared
to H3.1 K27M, and H3 wild type (WT) tumors. DMG tumors harboring H3.1 K27M are mainly restricted to
the brainstem, and occur in younger children (median age of 5 years), and are commonly comprised of ACVRI
mutations'®2*#-3!_ Recent findings have shown rare H3 WT DMG tumors overexpress EZHIP, which is an
oncohistone-mimic of H3K27M, and these patients have an overall survival similar to H3.1 K27M tumors
(median 15 months)?%%2,

Unlike diagnostic biopsies, postmortem brain tissue can be used to analyze tumor dissemination within
brain parenchyma, in order to identify spatial genomic signatures and clonal evolution across tumor cell
migration'>!7?’. Recently, upfront biopsies matched with postmortem tissue showed longitudinal molecular
changes across the tumor genome??, allowing for a better understanding of tumor evolution at progression.
Analysis of postmortem specimens has also expanded our understanding of DMG tumor heterogeneity, high-
lighting histologic and molecular heterogeneity within the tumor, and the implications this can have on responses
to treatment®*. Finally, postmortem specimens have been a major source of existing preclinical disease models
as outlined previously by us®® and others®-%".

Existing postmortem tissue donation literature describes the consenting process, socioeconomic/religious
factors affecting tissue donation, generation of preclinical models, and sample integrity of postmortem tissue®**.
However, a comprehensive protocol outlining the harmonized effort of coordinating a successful postmortem
donation, and details of whole brain and spinal cord specimen processing that allows for maximized utility of
tumor and healthy brain regions for molecular analyses and generation of preclinical models, is still needed.

The postmortem tissue donation program at Children’s National Hospital (CNH) was established in 2010,
with the aim of acquiring DMG tumor specimens to allow for further understanding of disease biology. Over
time, the CNH postmortem donation program has evolved to include other brain tumor specimens upon fam-
ily’s request. In this study, we first describe our experience in coordinating postmortem donations for pediatric
central nervous system (CNS) cancers and outline a comprehensive protocol that provides detailed information
on logistics, organization and execution of the donation process. We further outline examples of how donated
specimens were utilized for downstream biological studies of the disease. Our comprehensive protocol allows for
the compilation and annotation of relevant clinical information, the collection and processing of whole brain,
spinal cord, biofluids (blood and cerebrospinal fluid (CSF)), and germline controls for molecular characteriza-
tion, and the generation of preclinical models using post-mortem specimens.

Results

Coordination and processing of postmortem donations. Since its establishment in 2010, the CNH
tissue donation protocol has evolved to include the following cascade of events, which allow for maximum efhi-
ciency of sample procurement and processing while minimizing burden on the patient’s family in the immedi-
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Figure 1. Coordination characteristics of postmortem donation program at CNH. (a) Flow chart of personnel
and steps involved for coordination. (b) Patient demographics, types of brain tumors collected, logistics, and
generation of postmortem preclinical models. Flow chart graphics were made using Adobe Illustrator.

ate postmortem period: (1) identification of a patient/family interested in donation in partnership with other
institutions, (2) consent process, (3) patient enrollment, (4) assignment of a point of contact who can provide
updates on the patient’s status to the clinical coordinator, (5) collection of patient’s clinical data such as drug
treatment, surgical procedures and MR images, (6) coordination with the funeral home, (7) identification of a
neuropathologist or diener for specimen acquisition, (8) coordination with laboratory personnel responsible for
the collection and biobanking of tissue and biofluid specimens, and (9) follow up with the family (Fig. 1a). The
CNH enrollment form (CNH postmortem tissue donation program) and steps from the CNH standard operat-
ing procedure (SOP) are outlined in Supplementary Note 1.

We have coordinated over 70 cases and collected postmortem donations from 60 pediatric CNS cases includ-
ing diffuse midline glioma (n=46), supratentorial glioma (n=4), and other brain cancers (n=10) (Fig. 1b).
Information about whether the patient’s family or the treating physician/care team initiated discussion about
postmortem donation was collected for a majority (n=52) of cases (Fig. 1b). In these cases, discussion was initi-
ated by the patient’s family 58% of the time (n =30). Patient ages ranged from 0.9 to 20 years, with 57% (n=34)
male and 43% (n=26) female subjects. More than half of patient deaths occurred at home (n=34; 57%). The
majority (n=39; 65%) of cases were processed at CNH (Fig. 1b) while the remaining cases were processed at
either referral institutions or private pathological facilities. The time from postmortem donation to tissue pro-
cessing ranged from 4 to 96 h with a median of 13 h and an inter quartile range (IQR) of 14 h (Fig. 1b). Among
the 60 cases, 40% (n=24) were collected from subjects that received primary care at CNH and the remaining
were referred from external institutions. Postmortem donations were coordinated for subjects from 25 external
institutions across the United States, Canada and Europe (Supplementary Fig. S1).

The initial CNH comprehensive postmortem protocol focused on collection of whole brain, blood and CSE,
with an emphasis on cryopreservation of the primary tumor. Over time this has been amended to include the
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Figure 2. Specimens collected, comprehensive whole brain processing, and utilization of specimens for
preclinical models. (a) Detailed figure of processing in a patient with DMG using different platforms and
utilization of tumor and healthy regions for frozen, FFPE, preclinical model generation (cell culture or
xenograft) and DMSO preservation of whole brain. (b) RNA integrity was not affected by postmortem
tissue collection time in DMG tumors. (c) Tissue collected for DMSO preservation representing multiple
neuroanatomical locations for future generation of preclinical models. Graphics were made using Adobe
Ilustrator.

collection of additional specimens including spinal cord tissue and a skin punch, which serves as a germline
control and cryopreservation of multiple brain regions (Fig. 2, Supplementary Fig. S2a and S2b). Details of
processing and standard operating procedures for the current comprehensive postmortem protocol are sum-
marized in Supplementary Note 2. A comprehensive whole brain protocol was conducted in 65% (n=39) of
subjects, while a comprehensive whole brain and spine processing protocol was performed for 17% (n=10) of
subjects. For a few cases (n=10) tissue procurement and processing were conducted using a modified version
of our protocol due to resource limitations (Fig. 1b; Supplementary Note 3). In one instance we collected tumor
only based on the family’s request.

Postmortem specimen integrity and utility for genomic profiling studies. Tissue from primary
tumor was frozen for all cases to allow for genomic profiling studies (Fig. 2a). RNA integrity, as shown by intact
ribosomal subunit bands, did not appear to be affected by longer tissue processing time (e.g. 35 h) (Fig. 2c). DNA
and RNA quality were sufficient to successfully conduct whole genome/exome sequencing (n = 34), methylation
(n=48), and RNA profiling studies via RNAseq and gene expression arrays (n=8) on tumors collected at post-
mortem (Supplementary Fig. S2¢). The remaining samples have been submitted, with results pending.
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Figure 3. Characterization and fidelity of DMG preclinical models derived from postmortem tissue. (a)
Schematic for generation of preclinical models (xenografts or primary cells) from fresh or DMSO cryopreserved
tissue. (b) Oncoplot showing preclinical models generated and genomic aberrations of primary tumor obtained
from WGS. (c) Characteristics of primary tumor and a matched primary cell line and xenograft model derived
from postmortem tissue harboring H3.3K27M. Scale Bar =100 pm. Schematic graphics were created using
Adobe Illustrator.

Preclinical models derived from postmortem tissue recapitulate disease. Freshly obtained
tumor specimens were processed for cell culture and orthotopic intracranial injection to allow for the direct
generation of preclinical models when possible (Figs. 1b, 3a,b). In addition, tissue from primary tumor (n=41),
multiple brain (n=34) and spinal cord (n=3) regions were DMSO cryopreserved during post mortem process-
ing (Fig. 2b) to allow for future development of preclinical models.

Forty-one preclinical (PDX and primary cell cultures) models were attempted and twenty-four models were
generated (58%) utilizing postmortem tumor samples (Fig. 1b). Generation of a primary neurosphere cell line
was defined as successful if the primary cells were passaged a minimum of five times (Fig. 1b). Primary neuro-
sphere cell lines were successfully generated 44% (11/25) of the times this was attempted. Successful primary
neurosphere cultures were either derived from fresh tumor tissue collected at postmortem (n=7) or from PDX
tumors (n=4). Most of the primary neurosphere cell lines were derived from DMG patients (n=10) and retained
their histone 3 mutation or wildtype status as assessed by immunofluorescence and droplet digital PCR (ddPCR)
(Fig. 3c). The other primary neurosphere model was derived from supratentorial glioma tissue harboring BRAF
V600E mutation (Fig. 1b, patient 99).

PDX model generation was performed using either brainstem, thalamus, or cortex as the primary site of
injection (Fig. 3b). The site of injection was decided based on the type of tumor as well as availability of mice at
the time of injections. PDX models were either generated from fresh postmortem tissue, cryopreserved tissue,
or primary neurosphere cells (Figs. 2b, 3b). PDX models of DMG were defined as successful if they were pas-
saged at least once, and represented primary tumor characteristics by hematoxylin and eosin (H&E), Ki67, and
H3K27M (if applicable) analysis (Fig. 3c). PDX models were successful 76% (n=10/17) of the times this was
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Figure 4. Identification of patterns of tumor dissemination in H3K27M DMG. (a) Mid-sagittal

histological characterization for identification of tumor dissemination (shown by asterisk*) as assessed by a
neuropathologist. (b) H&E images of specific locations confirming presence of tumor. (c) Mutational profile
identified in primary tumor and other neuroanatomical locations show affected oncogenic pathways (not all
locations mentioned in the oncoplot have tumors as per histology or mutational profile). Scale Bar =100 pum
Final figure was combined on Adobe Illustrator.

attempted. Cryopreserved tissue was successfully used to generate PDX models 50% (4/8) of the time this was
attempted, while fresh tissue was successful 75% (9/12) of the time, and neurosphere cell lines were successful
100% (2/2) of the time. Most PDX models were generated from samples that harbored DMG mutation profiles
containing combinations of H3.3K27M/PPM1D/PIK3CA, H3.1/ACVR1/TP53, and H3WT (Fig. 3b). The fidel-
ity of these PDX preclinical models was validated by comparing the short tandem repeat (STR) and H3K27M
status to the parent tumor specimens (Fig. 3b,c). Postmortem collection time did not seem to influence suc-
cessful generation of a PDX model, as PDX models were generated with samples collected at a range of 5-40 h
(median of 10 h) (Fig. 1b).

Patterns of tumor migration and molecular characterization of H3K27M DMG. Neuropatholog-
ical review of four midsagittal sections of whole brain H3K27M DMG specimens revealed tumor dissemination
from pons to other infra- and supratentorial regions in all cases (Fig. 4a). Consistent with previous studies?®*$4,
three of the four H3K27M DMG patients (patients 1-3) had disseminated tumor cells located in other midline
locations such as the thalamus, basal ganglia, the periventricular regions, and cerebellum (Fig. 4a,b). In patients
1, 2 and 4, tumor cells also infiltrated distant locations such as the frontal, temporal, and occipital lobes, respec-
tively.

To further understand the mutational profile of disseminated tumors, whole genome sequencing (WGS) on
multiple regions of tumor and healthy brain of these four patients diagnosed with H3K27M DMG was performed.
WGS was also performed on blood when available to serve as germline controls. The primary mutation, H3F3A
p.K27M was detected in all four patients’ primary tumors and in three patients’ disseminated tumor sites (6 of 19
evaluated sites) (Fig. 4c). All four patients also harbored the classical association of H3K27M with mutations in
genes encoding TP53 or PPM1D, affecting the TP53 cell cycle regulatory pathway. Other recurrent mutations in
primary and disseminated H3K27M DMG tumors included ATRX, PIK3CA, and PDGFRA (Fig. 4c). Interestingly,
patient 2 harbored a mutation in ATM only in the primary pontine tumor, but not in disseminated tumor sites.

Remarkably, disseminated tumors in the cerebellum, cervico medullary junction (CMJ) and occipital lobe of
patient 4 did not harbor the H3K27M or other partner mutations found in the primary pontine tumor (Fig. 4c).
However, the disseminated tumors harbored two other subclonal mutations (VAT1, NDST3), and one clonal
mutation (PRPF4B) in common with the pontine tumor. Similarly, disseminated tumors in patients 1, 2, and 3
harbored subclonal mutations that were not detected in the pons. Strikingly, the cerebellar disseminated tumor
in patient 1 contained seven subclonal mutations that were absent in the pons. Among these were mutations in
genes encoding a cell adhesion gene (CTNNA2), and the chromatin regulators KMT2A and SMARCBI, known
to be altered in other types of pediatric cancers*~*.
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Patterns of treatment and immune response in H3K27M DMG postmortem samples. Post-
mortem tissue was also analyzed to determine the effects of treatment on tumors and healthy brain regions.
Patient 53 received radiation and convection enhanced delivery (CED) of 8H9. In order to assess the effects of
this specialized treatment on the pontine tumor and surrounding tissue, a mid-sagittal slice of the whole brain
was obtained during post-mortem processing (Supplementary Fig. S3). The mid-sagittal slice was fixed as a
whole, and formalin fixed paraffin embedded (FFPE) blocks were generated and stained for hematoxylin and
eosin (H&E). Upon neuropathological review, pontine locations that had received CED treatment had decreased
cellularity compared to other locations within the brainstem (Supplementary Fig. S3a). Further examination of
mid-sagittal section revealed tumor dissemination to other untreated regions of the brain such as thalamus and
occipital lobe.

Similarly, whole brain postmortem specimens were used to identify immune cells within the primary tumor
(n=3) and the primary and extended tumor (n=3) from DMG cases. CD45 (leukocyte common antigen) immu-
nohistochemistry (IHC) staining revealed infiltrating immune cells intermixed with tumor cells (which were
identified through H&E and H3K27M IHC staining) in both the primary and extended tumors (Supplementary
Figs. S3b,c).

Discussion

Despite numerous basic, translational, and clinical research efforts over the past few decades, a more comprehen-
sive understanding of brain tumor biology is still needed to develop novel effective therapies. Postmortem tissue
donations serve as an invaluable source of end-stage disease biology, which plays a pivotal role in unravelling the
dynamic and complex evolution of these aggressive tumors. In this paper, we outline the CNH comprehensive
postmortem tissue processing protocol and describe how this protocol can be used to improve our understand-
ing of the molecular, histologic, and immunologic features of rare tumor samples.

In order to maximize the scientific knowledge gained from postmortem tissue samples, there are a multitude
of steps that need to be followed (Fig. 1a). The most crucial step in this process is the identification of families
that are interested in postmortem donation. Of the 60 cases included in this analysis, approximately half of the
discussions regarding postmortem donation were initiated by the patient’s family. This is in part due to programs
such as the Swifty Foundation’s ‘Gift From A Child, which was developed to provide education regarding the
donation process to researchers and families, making it easier for prospective families to donate. Programs like
these that promote understanding of the significance of donations and improve awareness of the importance of
this initiative, ultimately can lead to an increase in families’ interest and discussion about postmortem donations.

After interested patients and families are identified, they are consented and enrolled onto a postmortem tis-
sue study protocol. Consenting to postmortem donation is dependent upon multiple factors: a family’s interest
in furthering research efforts, a family’s desire for clarity regarding complications associated with the child’s
diagnostic and treatment course, family’s stage of grief, and cultural/religious affiliations. All these factors must
be considered when engaging a family, to ensure that their wishes are being acknowledged throughout the
entire process. Once a family has consented, the research coordinator plays a major role in synchronizing and
updating all personnel and teams involved in the donation process including the family’s point of contact (e.g.
family member, hospice nurse, or social worker), neuropathologist, funeral home, and the laboratory team in
charge of processing tissue.

Despite careful planning, there are occasional challenges in the coordination and execution of postmortem
donation. In some cases, particularly during off-hours and holidays, the pathologist and/or laboratory personnel
are not available for immediate tissue processing, limiting the center’s ability to accept a post-mortem dona-
tion. A diener is a trained autopsy technician who assists a pathologist with dissection during an autopsy. To
address this challenge, dieners can be hired for tissue procurement when a neuropathologist is not available. In
order to execute the comprehensive whole brain and spine processing protocol, it typically requires four to six
lab personnel for efficient freezing and fixing of tissue, as well as processing of fresh tissue for DMSO and the
generation of preclinical models. During times when there are insufficient staff members available for processing,
a modified SOP protocol, that allows for rapid processing of samples with fewer personnel, can be used instead
(Supplementary note 3).

Preservation of tissue from multiple regions across the whole brain and spinal cord allows for the generation
of preclinical models that represent the primary tumor and disseminated tumors. MR images are important for
locating primary and disseminated tumors during tissue processing. Whole brain processing of a multi-focal
diffuse low grade glioma (patient 175) proved to be challenging as tumor was not visible by gross examination
of postmortem tissue. While prior MRI reports were obtained, the most recent MR images were not available at
the time of postmortem, precluding maximally efficient tumor sampling. In contrast, availability of MR images
(patient 65) helped to determine tumor dissemination to the cerebellum and spinal cord. Therefore, the dona-
tion process was modified to allow for collection of both primary and metastatic sites which were preserved
in DMSO to be used for future pre-clinical models. Subsequently, gross and histological examination of the
samples by a neuropathologist confirmed tumor infiltration of the cerebellum, hippocampus and spinal cord.
Therefore, it is critical to use an SOP that includes the use of the latest MR images in order to prioritize tumor
locations for collection.

The accuracy of genetically and histologically faithful preclinical models is important for translation of novel
agents into the clinic. Preclinical models were derived from tumors representing various molecular subtypes of
DMG (H3.3K27M/PPM1D/PIK3CA, H3.1/ACVR1/TP53, H3WT) and the fidelity of these preclinical models
was shown by mutation analysis and histological characterization. Importantly, postmortem collection time did
not seem to influence successful generation of a PDX model, as PDX models were generated with samples col-
lected at a range of 5-40 h. In our experience, xenograft model generation was more successful than primary cell
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cultures. This could be due to tumor cell microenvironment requirements that are naturally present in a mouse.
Our study also shows that utilizing fresh tissue is more favorable than cryopreserved tissue for the generation
of PDX models in concordance with previous studies*’. However, this observation needs to be validated in a
larger cohort of samples.

Postmortem tumor tissue is also useful for the histologic and molecular analysis of regions of tumor dissemi-
nation within the brain parenchyma. In our analysis of four patients with disseminated H3K27M DMGs, WGS
sequencing revealed clonal and subclonal mutations within the primary and disseminated tumors. One patient
harbored a mutation in ATM only in the primary pontine tumor. For this patient, the key genomic aberration in
the primary pontine tumor, which was absent in the disseminated tumors, may either be important for tumor
initiation and maintenance but not tumor migration, or was a passenger mutation that was no longer present in
the disseminated tumor. Three patients also harbored subclonal mutations that were absent from the primary
pontine tumor, but present in disseminated tumors. The acquisition of these subclonal mutations may have been
driven by specific microenvironment changes that promote adaptations to aid in the process of tumor migration.
Future mechanistic studies are required to understand the role of clonal and subclonal mutations found within
specific tumor sites (primary and disseminated).

Improved knowledge of the long- and short-term effects of treatment is necessary to determine why therapy
is not successful. Molecular and histologic analyses of postmortem tissue can provide essential information about
the combined effects of radiation, chemotherapy, and other molecularly targeted or immune based therapies
on both tumor and healthy brain cells. This information can especially be helpful for patients with DMGs who
undergo a variety of therapies on clinical trials. In this study, we used sagittal whole brain sections to analyze
the effect of CED therapy on a H3K27M DMG tumor. This analysis revealed decreased cellularity in the region
where CED therapy was delivered, indicating that the treatment was successful in this area. However, other
areas of the brain that had tumor disseminated did not seem to be affected by therapy. Additional studies using
a similar approach can help inform clinical trials for CED or other therapeutic agents, to optimize treatment
delivery and effect. We also showed that whole brain postmortem samples can also be used to identify immune
cells within the tumor and disseminated tumor sites. Additional studies, to understand the immune response
following different treatment modalities, with a focus on immunotherapy, are still needed.

Specimens collected through our program have been shared with the research community leading to collabo-
rative, impactful biology studies'”*>#°-%7. Furthermore, upon consent, all whole genome- and RNA-sequencing
data generated from our postmortem program will continually be deposited and shared through the platform
OPEN DIPG via the Gabriella Miller Kids First Research Act, an international collaboration led by Children’s
Brain Tumor Tissue Consortium (CBTTC). This platform allows for a large collection of sequencing data that
can be mined by the scientific community to improve the understanding of disease biology and identify novel
targets of therapy. In addition to sharing information with the medical community, it is important to engage with
families in discussion about the impact of their donation, particularly when families express interest in receiv-
ing this information at the time of the donation. In the CNH postmortem program, unless they request not to
receive updates, families are provided with information regarding publications or other mechanisms by which
their donation contributed to the scientific field during specific time intervals (Fig. 1a). Increased awareness of
postmortem donations coupled with successful processing and maximized utility of postmortem specimens are
critical for accelerating research and improving the outcome of rare pediatric brain tumors.

Methods
Patient consent and clinical information. All experimental protocols were approved by Children’s
National institutional review board (IRB), protocol #Pro00001339 (NCT01106794). Consent to the postmor-
tem tissue donation program was obtained by the patient’s primary physician as per guidelines and regulations
provided by our institutional IRB. The topic was discussed with the patient’s family either when patient’s health
declined or earlier if the family broached the subject. Post-mortem donation consenting was primarily con-
ducted during hospital visits; although consent could also be obtained via phone call should a patient’s sudden
decline or distance inhibit face-to-face discussion. Informed consent/assent was obtained from the patient and
family prior to the patient’s passing, and a guardian later authorized autopsy on behalf of the deceased. During
the consenting process, particular emphasis was placed on the issues of confidentiality, samples to be collected,
and access to medical records. After a careful reading of the consent, families were asked to voice any questions
or concerns regarding the autopsy and potential risks. They then signed the consent and a copy was provided to
the family.

The protocol was restricted to children age 2 month—25 years with a cancer diagnosis. Patients consented
to a limited autopsy allowing for collection of specimens including whole brain, spinal cord, blood, CSF, and a
5 mm skin biopsy punch. Families were assured that any incisions made would not be visible in the case of an
open-casket funeral and that only the samples named in the consent would be collected. Families were given the
opportunity to limit the extent of autopsy, retention of samples, long-term access to clinical data, and sharing
of clinical data to outside institutions. Medical records review was conducted at the time of the postmortem to
document diagnosis, treatments, outcomes, and time points of progression.

Development of preclinical models. All experiments were carried out following guidelines given by
Children’s National Institutional Animal Care and Use Committee (IACUC), approved protocol # 30425. Tissue
obtained at postmortem was utilized to generate pre-clinical models as described previously®. Briefly, single cell
suspension was prepared by digestion of fresh or cryopreserved tissue with DNase I and Collagenase followed
by RBC lysis. The cell pellet was then filtered through 70 micron cell strainer to remove non-dissociated tissue
and debris. Live cells were counted by trypan blue staining and plated for cell culture or orthotropic injection
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into NOD-SCID mice. NOD SCID gamma mice used for orthotopic injections ranged from 2 days-3 weeks
old. Briefly, mice were anesthetized by hypothermia and the following coordinates were used for the injections
into specific locations in the brain (Thalamus- X=0.3 mm, Y =3.5 mm, Z=1.5 mM from bregma, Brainstem-
X=0.8 mm, Y=5mm, Z=1.5 mM from lambda, Cortex-). Injected mice were monitored daily for a week for
signs of distress and all procedures were conducted in accordance with CNHS IACUC protocol #30435. Mice
were consequently monitored for 12 months post tumor cell injections for symptoms of brain tumors such as
lethargy, enlarged head, and abnormal movements. Mice indicating signs of brain tumor development were
euthanized, and whole brains were collected and analyzed by immunohistochemistry and molecular analyses
for tumor confirmation.

Immunohistochemistry and immunofluorescence. Formalin fixed paraffin embedded tissue samples
were used for immunohistochemistry as previously described®. Briefly, slides were deparafinnized at 60 °C for
1 h followed by xylene and ethanol solutions. Slides were then blocked and incubated with primary antibody
for 1 h followed by HRP labeled secondary antibody. Cell grown on coated chamber slides were washed in PBC
followed by fixation in 10%formalin for 5 min, and permeabilized in 0.1% Triton X-100 for 10 min. Blocking was
performed in 1%BSA for 1 h, followed by primary and fluorescent tagged secondary antibodies incubation. Cells
were stained with 4',6-Diamidino-2-phenylindole (DAPI) and imaged.

Nucleic acid isolation. DNA/RNA was isolated from frozen tissue using Qiagen nucleic acid isolation kits
as per manufacturer’s instructions. All DNA samples were quantified using Qubit fluorometer, and RNA integ-
rity was assessed using bioanalyzer, as per manufacturer’s instructions.

Droplet digital PCR. Genomic DNA was isolated as described above, and subjected to dropletization and
PCR amplification, followed by detection of fluorescence signal as described previously*®. Droplet digital PCR
(ddPCR, RainDance Technologies) was performed for H3F3A p.K27M mutant and wildtype copies in DNA
isolated from cells and PDX models derived from H3K27M postmortem tumors.

Whole genome sequencing. Whole genome sequencing was performed at Children’s Brain Tumor Tissue
Consortium (CBTTC) in collaboration with Nant Health. All samples were processed as described previously™.
DNA was isolated as described above and was sequenced using HiSeq X 150 bp read length. Samples were
sequenced with 90X coverage and somatic variant calling was performed using workflow that has been setup in
common workflow language on CAVATICA. The pipeline uses BWA-MEM, SAMBLASTER and finally Strelka
was applied for identification of point mutations. Somatic mutations were compared to the Genome Aggregation
Database (gnomAD) to control for population genetics, Catalogue of Somatic Mutations in Cancer (COSMIC)
for somatic mutations reported in other cancers to call an alteration in our samples as mutation. All calls were
made with an mutation allelic frequency of 25% or more.

Availability of data and material

The dataset(s) supporting the conclusions of this article is(are) available in the CAVATICA repository. The
dataset(s) supporting the conclusions of this article is(are) included within the article (and its additional file(s)).

Received: 7 April 2020; Accepted: 11 June 2020
Published online: 02 July 2020

References
1. Altekruse SE, K.C., Krapcho M, Neyman N, Aminou R, Waldron W, Ruhl ], Howlader N, Tatalovich Z, Cho H, Mariotto A, Eisner
MP, Lewis DR, Cronin K, Chen HS, Feuer EJ, Stinchcomb DG, Edwards BK (eds). SEER Cancer Statistics Review: 1975-2007.
(2010).
2. States, C.B.T.R.0.t.U. Statistical Report: Primary brain tumors in the United States, 2004-2007 (2011).
3. Ostrom, Q. T. et al. CBTRUS statistical report: primary brain and other central nervous system tumors diagnosed in the United
States in 2012-2016. Neuro Oncol. 21, v1-v100 (2019).
4. Neftel, C. et al. An integrative model of cellular states, plasticity, and genetics for glioblastoma. Cell 178, 835-849 (2019).
5. Sturm, D. et al. Hotspot mutations in H3F3A and IDHI1 define distinct epigenetic and biological subgroups of glioblastoma. Cancer
Cell 22, 425-437 (2012).
6. Brennan, C. W. et al. The somatic genomic landscape of glioblastoma. Cell 155, 462-477 (2013).
7. Mistry, M. et al. BRAF mutation and CDKN2A deletion define a clinically distinct subgroup of childhood secondary high-grade
glioma. J. Clin. Oncol. 33, 1015-1022 (2015).
8. Wu, G. et al. The genomic landscape of diffuse intrinsic pontine glioma and pediatric non-brainstem high-grade glioma. Nat.
Genet. 46, 444-450 (2014).
9. Schwartzentruber, J. et al. Driver mutations in histone H3.3 and chromatin remodelling genes in paediatric glioblastoma. Nature
482, 226-231 (2012).
10. Mackay, A. et al. Integrated molecular meta-analysis of 1,000 pediatric high-grade and diffuse intrinsic pontine glioma. Cancer
Cell 32, 520537 (2017).
11. Albert, C. M., Davis, J. L., Federman, N., Casanova, M. & Laetsch, T. W. TRK fusion cancers in children: a clinical review and
recommendations for screening. J. Clin. Oncol. 37, 513-524 (2019).
12. Clarke, M. et al. Infant high grade gliomas comprise multiple subgroups characterized by novel targetable gene fusions and favorable
outcomes. Cancer Discov. https://doi.org/10.1158/2159-8290.CD-19-1030 (2020).
13. Hoffman, L. M. et al. Clinical, radiologic, pathologic, and molecular characteristics of long-term survivors of diffuse intrinsic
pontine glioma (DIPG): a collaborative report from the international and European society for pediatric oncology DIPG registries.
J. Clin. Oncol. 36, 1963-1972 (2018).

Scientific Reports |

(2020) 10:10954 | https://doi.org/10.1038/s41598-020-67764-2 nature research


https://doi.org/10.1158/2159-8290.CD-19-1030

www.nature.com/scientificreports/

14. Filbin, M. G. et al. Developmental and oncogenic programs in H3K27M gliomas dissected by single-cell RNA-seq. Science 360,
331-335 (2018).

15. Nagaraja, S. et al. Transcriptional dependencies in diffuse intrinsic pontine glioma. Cancer Cell 31, 635-652 (2017).

16. Saratsis, A. M. et al. Comparative multidimensional molecular analyses of pediatric diffuse intrinsic pontine glioma reveals distinct
molecular subtypes. Acta Neuropathol. 127, 881-895 (2014).

17. Nikbakht, H. et al. Spatial and temporal homogeneity of driver mutations in diffuse intrinsic pontine glioma. Nat. Commun. 7,
11185 (2016).

18. Paugh, B. S. et al. Genome-wide analyses identify recurrent amplifications of receptor tyrosine kinases and cell-cycle regulatory
genes in diffuse intrinsic pontine glioma. J. Clin. Oncol. 29, 3999-4006 (2011).

19. Chan, K. M. et al. The histone H3.3K27M mutation in pediatric glioma reprograms H3K27 methylation and gene expression.
Genes Dev. 27, 985-990 (2013).

20. Castel, D. et al. Histone H3F3A and HIST1H3B K27M mutations define two subgroups of diffuse intrinsic pontine gliomas with
different prognosis and phenotypes. Acta Neuropathol. 130, 815-827 (2015).

21. van Zanten, S. E. M. V. et al. External validation of the diffuse intrinsic pontine glioma survival prediction model: a collaborative
report from the International DIPG Registry and the SIOPE DIPG Registry. J. Neurooncol. 134, 231-240 (2017).

22. Baugh, J. et al. The international diffuse intrinsic pontine glioma registry: an infrastructure to accelerate collaborative research for
an orphan disease. J. Neurooncol. 132, 323-331 (2017).

23. Kambhampati, M. et al. A standardized autopsy procurement allows for the comprehensive study of DIPG biology. Oncotarget 6,
12740 (2015).

24. Wu, G. et al. Somatic histone H3 alterations in pediatric diffuse intrinsic pontine gliomas and non-brainstem glioblastomas. Nat.
Genet. 44, 251-253 (2012).

25. Louis, D. N. et al. The 2016 World Health Organization classification of tumors of the central nervous system: a summary. Acta
Neuropathol. 131, 803-820 (2016).

26. Nikbakht, H. et al. Spatial and temporal homogeneity of driver mutations in diffuse intrinsic pontine glioma. Nat. Commun. 7,
1-8 (2016).

27. Vinci, M. et al. Functional diversity and cooperativity between subclonal populations of pediatric glioblastoma and diffuse intrinsic
pontine glioma cells. Nat. Med. 24, 1204-1215 (2018).

28. Hoftfman, L. M. et al. Spatial genomic heterogeneity in diffuse intrinsic pontine and midline high-grade glioma: implications for
diagnostic biopsy and targeted therapeutics. Acta Neuropathol. Commun. 4,1 (2016).

29. Fontebasso, A. M. et al. Recurrent somatic mutations in ACVRI in pediatric midline high-grade astrocytoma. Nat. Genet. 46,
462-466 (2014).

30. Buczkowicz, P. et al. Genomic analysis of diffuse intrinsic pontine gliomas identifies three molecular subgroups and recurrent
activating ACVR1 mutations. Nat. Genet. 46, 451-456 (2014).

31. Taylor, K. R. et al. Recurrent activating ACVR1 mutations in diffuse intrinsic pontine glioma. Nat. Genet. 46, 457-461 (2014).

32. Pratt, D. et al. Diffuse intrinsic pontine glioma-like tumor with EZHIP expression and molecular features of PFA ependymoma.
Acta Neuropathol. Commun. 8, 37 (2020).

33. Mueller, S. et al. A pilot precision medicine trial for children with diffuse intrinsic pontine glioma-PNOC003: a report from the
Pacific Pediatric Neuro-Oncology Consortium. Int. J. Cancer 145, 1889-1901 (2019).

34. Bugiani, M. et al. Deceptive morphologic and epigenetic heterogeneity in diffuse intrinsic pontine glioma. Oncotarget 8, 60447
60452 (2017).

35. Grasso, C. S. et al. Functionally defined therapeutic targets in diffuse intrinsic pontine glioma. Nat. Med. 21, 555-559 (2015).

36. Tsoli, M. et al. Correction to: International experience in the development of patient-derived xenograft models of diffuse intrinsic
pontine glioma. J. Neurooncol. 141, 265 (2019).

37. Lin, G. L. & Monje, M. A protocol for rapid post-mortem cell culture of diffuse intrinsic pontine glioma (DIPG). J. Vis. Exp. 121,
€55360 (2017).

38. Broniscer, A. et al. Prospective collection of tissue samples at autopsy in children with diffuse intrinsic pontine glioma. Cancer
116, 4632-4637 (2010).

39. Caretti, V. et al. Implementation of a multi-institutional diffuse intrinsic pontine glioma autopsy protocol and characterization of
a primary cell culture. Neuropathol. Appl. Neurobiol. 39, 426-436 (2012).

40. Caretti, V. et al. Subventricular spread of diffuse intrinsic pontine glioma. Acta Neuropathol. 128, 605-607 (2014).

41. Lin, D. C. et al. The genomic landscape of nasopharyngeal carcinoma. Nat. Genet. 46, 866-871 (2014).

42. El-Ayadi, M. et al. Concurrent IDH1 and SMARCBI mutations in pediatric medulloblastoma: a case report. Front. Neurol. 9, 398
(2018).

43. Zhang, H., Xiang, B., Chen, H., Chen, X. & Cai, T. A novel deletion mutation in KMT2A identified in a child with ID/DD and
blood eosinophilia. BMC Med. Genet. 20, 38 (2019).

44. Tsoli, M. et al. International experience in the development of patient-derived xenograft models of diffuse intrinsic pontine glioma.
J. Neurooncol. 141, 253-263 (2019).

45. Saratsis, A. M. et al. Comparative multidimensional molecular analyses of pediatric diffuse intrinsic pontine glioma reveals distinct
molecular subtypes. Acta Neuropathol. 127, 881-895 (2013).

46. Buczkowicz, P. & Hawkins, C. Pathology, molecular genetics and epigenetics of diffuse intrinsic pontine glioma. Front. Oncol. 5,
147 (2015).

47. Ballester, L. Y. et al. Morphologic characteristics and immunohistochemical profile of diffuse intrinsic pontine gliomas. Am. J.
Surg. Pathol. 37, 1357-1364 (2013).

48. Panditharatna, E. et al. Clinically relevant and minimally invasive tumor surveillance of pediatric diffuse midline gliomas using
patient-derived liquid biopsy. Clin. Cancer Res. 24, 5850-5859 (2018).

Acknowledgements

Authors would like to acknowledge patients and their families for generous donation of tumor tissue for our
study. We would like to thank all the pathologists who have helped us with the procurement. We are grateful for
funding from Gift from a Child Initiative, Swifty Foundation, Smashing Walnuts Foundation, Piedmont Com-
munity, The Gabriella Miller Kids First Data Resource Center, Goldwin Foundation, Pediatric Brain Tumor
Foundation, Zickler Family Foundation, Isabella Kerr Molina Foundation, The Lilabean Foundation for Pediatric
Brain Cancer Research, Matthew Larson Foundation, Children Brain Tumor Foundation

Author contributions

M.K., E.P, have written the manuscript, assisted with sample acquisition and conceived all experiments. S.Y.
helped with preclinical model generation. K.S., S.L., A.E., LS., E.B., C.H., Y.K., C.J., assisted with the sample
procurement and processing. L.H., B.R,, LK., E.H., CK., AW,, M.G,, N.R,, S.M,, R.P, assisted in recruiting

Scientific Reports|  (2020) 10:10954 | https://doi.org/10.1038/s41598-020-67764-2 natureresearch



www.nature.com/scientificreports/

participants. K.G. and A.R. assisted with whole genome sequencing of samples. M.B. and J.N. secured funding
for the study and supervised all aspects of the work.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-67764-2.

Correspondence and requests for materials should be addressed to M.B. or J.N.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2020) 10:10954 | https://doi.org/10.1038/s41598-020-67764-2 natureresearch


https://doi.org/10.1038/s41598-020-67764-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Harmonization of postmortem donations for pediatric brain tumors and molecular characterization of diffuse midline gliomas
	Results
	Coordination and processing of postmortem donations. 
	Postmortem specimen integrity and utility for genomic profiling studies. 
	Preclinical models derived from postmortem tissue recapitulate disease. 
	Patterns of tumor migration and molecular characterization of H3K27M DMG. 
	Patterns of treatment and immune response in H3K27M DMG postmortem samples. 

	Discussion
	Methods
	Patient consent and clinical information. 
	Development of preclinical models. 
	Immunohistochemistry and immunofluorescence. 
	Nucleic acid isolation. 
	Droplet digital PCR. 
	Whole genome sequencing. 

	References
	Acknowledgements


