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ABSTRACT

Brain tumors are the leading cause of cancer-related
mortality in children and have distinct genomic and
molecular features compared with adult glioma. However,
the properties of immune cells in these tumors has

been vastly understudied compared with their adult
counterparts. We combined multiplex immunofluorescence
immunohistochemistry coupled with machine learning and
single-cell mass cytometry to evaluate T-cells infiltrating
pediatric glial tumors. We show that low-grade tumors
are characterized by greater T-cell density compared

with high-grade glioma (HGG). However, even among
low-grade tumors, T-cell infiltration can be highly variable
and subtype-dependent, with greater T-cell density in
pleomorphic xanthoastrocytoma and ganglioglioma. CD3+
T-cell infiltration correlates inversely with the expression
of SOX2, an embryonal stem cell marker commonly
expressed by glial tumors. T-cells within both HGG and
low-grade glioma (LGG) exhibit phenotypic heterogeneity
and tissue-resident memory T-cells consist of distinct
subsets of CD103+ and TCF1+ cells that exhibit distinct
spatial localization patterns. TCF1+ T-cells are located
closer to the vessels while CD103+ residentT-cells reside
within the tumor further away from the vasculature.
Recurrent tumors are characterized by a decline in
CD103+ tumor-infiltrating T-cells. BRAF"*°F mutation is
immunogenic in children with LGG and may serve as a
target for immune therapy. These data provide several
novel insights into the subtype-dependent and grade-
dependent changes in immune architecture in pediatric
gliomas and suggest that harnessing tumor-resident
T-cells may be essential to improve immune control in
glioma.

BACKGROUND

Brain tumors are the most common pedi-
atric solid tumor and a leading cause of
cancer-related mortality in children." These
tumors exhibit considerable heterogeneity in
terms of their histopathology, grade, clinical
presentation and outcome, with low-grade
tumors representing the most common
subtypes. Surgical resection (if feasible),
radiation and chemotherapy represent
common approaches to treat these tumors,
but carry significant risk of recurrent disease

," Juan Vasquez,? Akhilesh Kaushal,® Tobey J MacDonald,*

4

and long-term morbidity. Therefore, newer
approaches to treat these tumors are being
explored.

Molecular alterations in BRAF, including
mutations (BRAFVGOOE) as well as fusions
(BRAF-KIAA1549), lead to MAPK pathway
activation, an important driver of tumorige-
nicity in pediatric glioma.” Importance of
BRAF signaling in these tumors is further
supported by clinical responses to BRAF
kinase inhibitors.? However, response to
BRAF kinase inhibitors are rarely curative,
seen in only a proportion of patients, require
long-term therapy and are expected to lead
to drug resistance based on experience with
other tumors such as melanoma.*

The immune system has emerged as
a powerful tool to treat human tumors.
Immune therapies, and particularly those
that reactivate pre-existing immunity via
blockade of inhibitory immune checkpoints,
have shown considerable promise in several
tumor types. It is now increasingly appre-
ciated that the nature of tumor-infiltrating
immune cells impact responsiveness to such
therapies and outcome. Several studies have
evaluated the attributes of immune and other
cells infiltrating adult glial tumors.” These
studies reveal a tumor immune environment
dominated by myeloid cell infiltration and a
paucity of T cells. Studies of adult glioma also
reveal a number of tumor-suppressive factors,
including cytokines such as TGF-B and IL-10,
myeloid-derived suppressor cells and regu-
latory T cells, as well as immune-suppressive
metabolites such as IDO present within
these tumors.’ This has also led to several
approaches to target the inhibitory cells and
molecules. and harness the immune system
to treat brain tumors in adults.®” It is increas-
ingly appreciated that glial tumors in children
have distinct genetic and molecular features
as well as characteristic biological behaviors

when compared with their adult tumors.® 8 ?
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Figure 1 Subtype-dependent and grade-dependent
changes in T-cell infiltration in pediatric gliomas. Tumors
from patients with LGG (including PXA (n=5), GG (n=7)

and PA (n=6)) and HGG (including anaplastic astrocytoma
(n=2)and GBM (n=5)) were examined using multiplex
immunohistochemistry. (A) CD3 T cells as a percentage of
total cells in LGG (PXA, GG and PA) versus those in HGG (AA
and GBM). (B) T-cell density in LGG and HGG tumor tissue.
(C) Percentage of CD3+ T cells in different LGG subtypes
(PXA, GG and PA). (D) CD3+ T-cell density in different LGG
subtypes (PXA, GG and PA). (E) Percentage of T cells in
clusters in PXA and GG, and PA and HGG. (F) Representative
sections from patients with PXA, GG, PA and GBM showing
distribution of T cells in tumor tissue. All graphs show

mean, and SEM dots represent individual patient values.
GBM, glioblastoma multiforme; AA, anaplastic astrocytoma;
GG, ganglioglioma; HGG, high-grade glioma; LGG, low-
grade glioma; PA, pilocytic astrocytoma; PXA, pleomorphic
xanthoastrocytoma .

However, the nature of immune cells infiltrating pediatric
brain tumors are vastly understudied compared with their
adult counterparts.

Success of T-cell immune checkpoint blockade in the
clinic has led to increased focus on the T-cell compart-
ment within tumors. Recent advances in the biology of
memory T cells in the setting of chronic infections as well
as immunity in non-lymphoid tissues has led to an appre-
ciation of distinct subsets of T cells in tumor immunity
and response to checkpoint blockade.'”!! In prior studies,
we and others have shown that the expression of immune
checkpoints such as PD-1 is enriched in the subset of T
cells within tumors that express markers associated with
tissue-resident memory (T, cells.'”*™ The presence of
T,,, cells within tumors has been linked to response and

RM
survival following immune theralpies.12 Another subset
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of ‘stem-like’ memory T cells has also been implicated
in response to checkpoint blockade and detected within
human tumors.'” '® However, the spatial aspects, pheno-
type and overlap between these populations have not
been directly compared.

In order to address these issues, we combined multi-
plex immunohistochemistry (IHC), machine learning
and single-cell mass cytometry to better understand
the phenotype and spatial localization of immune cells
in pediatric brain tumors, with a focus on the T-cell
compartment.

RESULTS AND DISCUSSION

In order to gain initial insights into the nature of T-cell
infiltration within pediatric tumors of diverse types, we
stained tissues from 26 pediatric tumors (18 low grade
and 8 high grade, patient characteristics in online supple-
mentary table 1). Low-grade tumors were characterized
by greater CD3+ T-cell infiltration (figure 1A) as well as
CD3+ T-cell density (figure 1B) compared with high-grade
tumors. However, even within low-grade tumors, T-cell
infiltration was found to be highly variable and subtype-
dependent, with higher CD3+ T-cell infiltration and T-cell
density in two specific subtypes, pleomorphic xanthoas-
trocytoma (PXA) and ganglioglioma (GG) (figure 1C and
D). One aspect of T-cells within tissues is their tendency
to cluster together, particularly at sites of antigenic stimu-
lation. In order to quantify T-cell proximity, we analyzed
the proportion of T-cells with greater than ten (>10) other
T-cells close to them within a 30 micron radius. Both PXA
and GG subtypes had a higher proportion of such clus-
ters compared with pilocytic astrocytoma (PA) or high-
grade glioma (HGG) (figure 1E-F). Together, these data
demonstrate subtype-dependent heterogeneity of T-cell
infiltration in pediatric gliomas and identify PXA and GG
as subtypes associated with greater T-cell infiltration.

In order to better characterize the nature of infiltrating
immune cells at greater depth, we used single-cell mass
cytometry or CyTOF (see online supplementary table 2 for
antibodies used in the panels) to analyze tumor-infiltrating
immune cells from patients with gliomas using available
fresh tissue. Analysis of tumors from a cohort of nine
patients (online supplementary table 1B) demonstrated
that the T-cells within glial tumors consisted predomi-
nantly of CD69+ and CD45RO+ cells (figure 2A), consis-
tent with the phenotype commonly ascribed to T,,. These
T, cells could be split into three distinct subsets based
on the expression of CD103 and TCF1 (figure 2B-2D).
The subset of CD69+CD103+memoryT-cells expressed
the highest levels of inhibitory checkpoints such as
PD-1 and TIGIT, and consisted predominantly of CD8+
T-cells expressing lytic markers such as granzyme B
(figure 2B-2D). In contrast, the TCF1+ subset consisted of
both CD4 (predominant) and CD8+ T-cells, and was char-
acterized by higher expression of CD127 (figure 2B-D).
These distinct subsets of T-cells could also be detected by
multiplex immunofluorescence IHC, and tumors with
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Figure 2 Phenotypic heterogeneity of glioma-infiltrating T
cells. (A to D) Single-cell mass cytometry was performed on
freshly isolated tumor tissue from pediatric glioma samples
to characterize the tumor infiltrating T cells. (A) CD3-gated
density plot showing expression of CD45R0O and CD69 on
tumor-infiltrating T cells. Bar graph shows CD69+, CD45RO+
and TRM cells as percent of total CD3, CD4 and CD8 T

cells in all patients (n=9). (B) Heatmap showing expression
of CD103, TCF1, CD27, CD127, PD-1, GZMB, TIGIT and
LAGS in CD103+, TCF1+ and TCF1/CD103"9 T cells (n=4).
(C) Bar graph showing distribution of CD4 and CD8 T cells
within CD103+, TCF1+ and TCF1/CD103™9 T cells (n=4). (D)
Bar graph shows expression of CD27 and CD127, inhibitory
immune checkpoints PD-1, TIGIT and LAG3, and GZMB in
CD103+, TCF1+ and TCF1/CD103™° T cells (n=4). (E and

F) Panels show multiplex IHC was used to characterize the
expression of TCF1 and CD103 on tumor-infiltrating T cells.
(E) Major subtypes of T cells identified by multiplex IHC of
paraffin-embedded tumor tissue included CD3+ and TCF1+
T cells, CD3+ and CD103+ T cells, and CD3+, CD103"9

and TCF1™9 T cells (n=26). (F) CD103+ and CD3+ T cells

as percent of total CD3+ T cells in PXA/GG as well as in
patients with PA and HGG as determined by multiplex IHC.
All graphs show mean and SEM dots represent individual
patient values. GG, ganglioglioma; GZMB, granzyme B; HGG,
high-grade glioma; IHC, immunohistochemistry; PA, pilocytic
astrocytoma; PXA, pleomorphic xanthoastrocytoma.

PXA/GG subtypes had the highest proportion of T-cells
with CD103+ T, phenotype (figure 2E-F).

Interestingly, in addition to phenotypic differences
between the major T-cell subsets in glioma tissue, we also
observed surprising differences in their spatial distri-
bution. In general, T-cells were observed within both
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Figure 3 Spatial heterogeneity of T-cell subsets in
glioma tissue. (A) Bar graph showing the distance of
TCF1+ andCD103+ T-cells from CD31+ endothelial cells
(in microns). Bar graph shows mean and SEM (n=25). (B
to D). Representative images showing differential spatial
distribution of TCF1+ and CD103+ T-cells in glioma tissue.
The endothelium is labeled by CD31+ cells.

perivascular as well as intratumoral locations. However,
there was a distinct difference in the spatial localization
of the T-cell subsets, with TCF1+ cells enriched in the
perivascular locations, while the CD103+ T-cells were also
observed within the tumors and further away from the
vessels (figure 3). In order to quantify this in an unbiased
fashion, we used machine learning to assess distance of
individual T-cells from CD31+ cells as a surrogate marker
for endothelium. The mean distance between TCF1+
T-cells and CD31+ cells was significantly lower than that
for CD103+ T-cells and CD31+cells (figure 3A; represen-
tative images in figure 3B-D).

In spite of a generally excellent prognosis, patients with
low-grade tumors may experience recurrent disease, often
at the site of initial tumor. In the case of three PA tumors,
we had access to tissues at initial diagnosis as well as at
recurrence (online supplementary table 1C). As noted
earlier, PA tumors had a lower proportion of CD103+
T-cells at baseline. However, comparison of tissues at
recurrence revealed a further decline in CD103+ tissue-
resident T cells, as well as an increase in CD31+ cells,
indicative of increased vascularity in recurrent tumors
compared with that at initial diagnosis (figure 4A and B).

In prior studies with solid tumors, the degree of T-cell
infiltration has been correlated with stem-like features
of tumor cells, angiogenesis and particularly with a high
tumor mutational burden.!” The finding that PXA/GG
subtypes have a high degree of T-cell infiltration is therefore
surprising because these tumors have a very low mutational
burden. SOX2 has emerged as an important tumor stem-cell
marker in human glial tumors."™® HGG were associated
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Figure 4 Recurrent pilocytic astrocytoma is characterized
by increased vascularity and a decline in CD103+ T, cells.
Comparison of CD103+ T-cells and CD31+ endothelial cells
in paired tissues at initial diagnosis and at relapse in three
patients with pilocytic astrocytoma. (A) Changes in CD103+
T-cells at recurrence. (B) Changes in CD31+ endothelial cells
at recurrence.

with higher expression of SOX2 compared with low-grade
glioma (LGG) (online supplementary figure 1A). Interest-
ingly, the presence of T-cells within tumors was inversely
correlated with the expression of SOX2 (online supplemen-
tary figure 1B). Although most pediatric LGG share acti-
vation of the BRAF-MAPK pathway as a common genomic
alteration,’ the mechanism underlying BRAF activation in
PXA/GG is commonly the V60OE mutation, while BRAF-
KIAA1549 fusion is observed in PAs.® Tcells against driver
mutations have been limited in some settings, presumably
due to selection based on HLA genotype.”' In order to test
whether the BRAF"""" mutation could be immunogenic in
pediatric tumors, we synthesized peptides encompassing this
mutation and used these to detect and expand BRAF'*""-
specific T-cells in culture. In a patient with BRAF'**"*-mutant
LGG and available fresh T-cells, we could demonstrate
the presence of V600E-specific T-cell immunity (online
supplementary figure 2A). In a different patient with a
BRAFV"_mutant anaplastic GG (classified as HGG, online
supplementary table 1B), while we did not detect BRAF"*"*
mutation-specific T-cells in freshly isolated T-cells, we could
demonstrate expansion of BRAF'*""specific Tcells after
stimulation with autologous dendritic cells pulsed with
mutant peptide (online supplementary figure 2B).

These data provide several novel insights into the nature
of T-cell infiltration within pediatric brain tumors, with
potential biologic and clinical implications. First, our data
show that there is marked subtype-dependent variation in
the degree of T-cell infiltration even within low-grade glial
tumors in children, with two subtypes, PXA and GG, associ-
ated with a particularly high degree of T-cell infiltration. The
brain is typically viewed as an immune-privileged site and not
routinely surveyed by lymphocytes. Indeed, brain tumors,
particularly in adults, have been studied as classic examples
of immunologically cold tumors. Our data, however, identify
PXA and GG as distinct subtypes that break this paradigm.
These subtypes, although rare, may therefore be excel-
lent candidates for immune therapies and a better under-
standing of their biology may provide fundamental insights
into improving immune therapy of glioma. One target of

3

Tecell responses may be the BRAF'*"* mutation itself, as we
could document immunogenicity of this mutation. Small
molecule BRAF inhibitors can lead to tumor regression in
such tumors, but resistance evolves without the loss of mutant
protein suggesting that these tumors may remain suscep-
tible to Tcell therapy.** Clinical response to such therapy
has been reported in a melanoma patient,” and our studies
set the stage for consideration of neoantigen-directed T-cell
therapy in BRAF"*"""-mutant pediatric glioma.

The presence of T-cell infiltration was inversely correlated
with the expression of SOX2, an embryonal stem cell marker
commonly expressed on glial tumor cells and associated with
stemness and clonogenic potential in glial tumors.' ' This
is particularly true when patients with HGG are considered,
as they often express high levels of SOX2 and appear to be
poorly infiltrated with T-cells. Whether the expression of
these stemness markers contributes to exclusion of immune
infiltration in glioma deserves further study, as targeting this
gene may then enhance glioma immune therapies.

Limitations of our study include small sample size and the
lack of clinical follow-up data to understand the importance
of the spatial location of the TCFI+ andCD103+ tumor-
resident T-cells. In addition, while we could detect BRAFOE
mutation-specific T-cells in pediatric glioma, we were not
able to test lysis of autologous tumors by these T-cells. Our
data also do not address the potential immunogenicity of
other (non-V600E) alterations in the BRAF pathway in these
patients.

Our data provide novel insights into spatial aspects of
heterogeneity of tumor-infiltrating lymphocytes in pediatric
tumors, with identification of two major subtypes: TCF1+
T-cells mostly in the perivascular location and CD103+
T-cells within the tumor. The subset of CD103+ T-cells within
tumors is of particular interest, as this subset has been impli-
cated in pathogen-specific tissue immunity and long-term
protection in mouse models of viral central nervous system
infection.”** In these models, such Txcells persist long term
within tissue, without replenishment from circulation. Our
finding that recurrent LGG are characterized by a loss of
CD103+ T-cells suggests that strategies to enhance these
T-cells in situ, such as intracranial dendritic cell immuni-
zation explored in preclinical studies, may be worthy of
exploration.” Recurrent tumors were also characterized by
increased angiogenesis, which is consistent with prior studies
correlating angiogenic factors such as VEGF (vascular endo-
thelial growth factor) and loss of TRM14 %27 and support
consideration of targeting these factors in combination with
immune therapies to treat recurrent tumors.

METHODS

Patients and tissues

Formaldehyde-fixed paraffin-embedded tumor blocks
were obtained from de-identified pediatric glioma.
In three patients with PA, sections were also obtained
from paired tumor blocks from initial diagnosis as well
as recurrence. Institutional IRB approved (Emory and
Yale University) informed consent/parental permission
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and when possible, child assent was obtained prior to
receiving fresh tissue or peripheral blood samples. All
tissue diagnoses were confirmed by study pathologists and
were based on 2016 WHO criteria with cIMPACT-NOW
recommendations when appropriate.

Multiplex immunofluorescence IHC

Sections were cut at 5pM thickness and mounted on
positively charged slides for staining. H&E slides were
evaluated by a neuropathologist (MS) to confirm areas
of tumor. Opal (Akoya Biosciences) multiplex staining
using a Ventana DISCOVERY ULTRA system (Roche)
autostainer was performed by staining tissue sections with
antibodies to detect SOX2, CD3, CD103, TCF1, CD31 and
DAPI simultaneously (antibody panel is shown in online
supplementary table 3). Deparaffinization was accom-
plished with heat and EZ-Prep solution, followed by appli-
cation of Cell Conditioning 1 (CC1, Roche). Blocking
of endogenous peroxidase activity was performed with
DISCOVERY Inhibitor (Roche). Antibody staining was
achieved in an iterative manner with antibodies applied
in the order indicated in online supplementary table 2.
After primary antibody incubation, species appropriate
horseradish peroxidase (HRP)-conjugated secondary
antibody (DISCOVERY OmniMap anti-mouse HRP (760-
4310) or anti-rabbit HRP (760-4311), Roche) was applied
followed by application of the tyramide signal amplifica-
tion Opal dye. Denaturing of the primary and secondary
antibodies was accomplished by heating at 93°C with Cell
Conditioning 2 (CC2, Roche). Counter staining of nuclei
was achieved using Spectral DAPI (Akoya). Slides were
coverslipped with VECTASHIELD Antifade mounting
medium (Vector Laboratories). Stained slides were stored
at 4°C.

Analysis of IHC data

Images of stained slides were acquired with the Vectra
Polaris (Akoya Biosciences) whole-slide scanner using
a standardized scanning protocol. Software fluoro-
phore signal unmixing and removal of autofluorescence
followed by digital image analysis was accomplished with
inForm software (Akoya Biosciences). Representative
fields from each sample were used for training of inForm
machine learning software to segment different areas of
tissue and individual cells. Training of cell phenotyping
was accomplished using a layered approach, training each
marker separately to obtain optimal range of expression
for each marker while excluding overlapping cells. The
algorithms created during this training were then used to
analyze all tumor areas on each slide. The resulting data,
including tissue and cell segmentation, cell phenotyping
and cell positions allowing for distance calculations were
then analyzed using Phenoptr and Phenoptr Reports
(add-ins for R Studio from Akoya Biosciences).

Mass cytometry
Fresh tumor tissue was dissociated to obtain single-cell
suspension and stained using 36 metal tagged antibodies

as previously described using the manufacturers proto-
cols." Cell viability staining was detected by Cell-ID
Cisplatin and MaxPar Intercalator-Ir was used to detect
intact cells before acquiring on the Helios instrument
(DVS Sciences; Fluidigm). To facilitate quantitative
comparisons between data acquired on different days,
single-cell data was normalized using beads. All data were
analyzed using Cytobank. The antibodies and their clones
and vendors are shown in online supplementary table 2.

Peptide libraries

15-mer BRAF wild-type and mutated BRAF'*"* peptides
were synthesized by the Proteomics Resource Center at
The Rockefeller University, as previously described.”® The
mutated residue was placed at position +7 of the 15 amino
acid sequence. All peptides were reconstituted in DMSO.
A pool of peptides derived from cytomegalovirus, Epstein-
Barr virus and influenza virus (CEF; AnaSpec Inc) were
used as a positive control.

Detection of antigen-specific T cells

The presence of BRAF-reactive T cells was detected
based on antigen-dependent cytokine production, as
previously described.”” Briefly, peripheral blood mono-
nuclear cells were cultured either with media alone
(control) or together with CEF peptides (5bpg/mL per
peptide) or BRAF wild-type and BRAF'* peptides
(10pg/mL per peptide) in 5% PHS, in 96-well round
bottom plates (2.5x10° cells/well). PHA was used as an
additional positive control. After 48 hours, culture super-
natants were harvested and examined for the presence
of chemokine (C-X-C motif) ligand 10 (CXCL10) using
a Luminex assay, as per manufacturer’s instructions
(Millipore, Massachusetts, USA). Presence of CXCL10
was detected with Luminex 100 instrument and analyzed
using the xPONENT software (Luminex Corporation).
Values >2-fold over the negative control were deemed
positive, based on the analysis of inter-assays and intra-
assays variation, as previously described."®*’ In this assay,
the antigen-induced secretion of CXCLI1O (or IP-10,
interferon-induced protein 10) serves as a downstream
marker of T-cell derived IFN-y and is abrogated by deple-
tion of CD3+ T-cells and IFN-y neutralization, as previ-
ously described.*

Generation of dendritic cells and antigen-specific T-cell
expansion

Monocyte-derived dendritic cells (Mo-DCs) were gener-
ated using IL-4 and GM-CSF as previously described.”
Day 6 immature Mo-DCs were loaded with BRAF wild-
type peptides or BRAF'*’* peptides for 4 hours at 37°C,
matured overnight with LPS (20ng/mL) and used to
stimulate autologous T-cells at a DC:T-cell ratio of 1:20 in
the presence of IL-2 (10IU/mL at days 4 and 7; Chiron)
as well as IL-7 and IL-15 (both at 5ng/mL at days 7 and
14, R&D). After 14 days in culture, the cells were re-stim-
ulated using the peptides used for initial T-cell stimula-
tion in the presence of soluble anti-CD28 and anti-CD49D
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(1 pg/mL, BioLegend) and GolgiStop (BD Biosciences)
for 5hours at 37°C. Intracellular cytokine flow cytometry
was used to detect intracellular IFN-y.

Statistical analysis

Statistical analysis of IHC and mass cytometry data was
performed using 2D graphing and statistics software
GraphPad Prism. Non-parametric Mann-Whitney (for
comparing two groups) was used for paired samples.
Spearmans rank correlation between T-cell infiltration
and SOX2 expression was calculated using R V.3.6.1
(online supplementary figure 1B).
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