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ABSTRACT

ARTICLE HISTORY

Meningioma is the most common brain tumor in adults. Surgical resection remains the primary treat-
ment. No chemotherapy exists. However, gene mutations now could explain ~ 80% of meningioma and
targeted therapies based on these are being investigated. Furthermore, with the recent discovery of PD-
L1 in malignant meningioma, clinical trials using immunotherapy have commenced. Here, we report for
the first time the expression profiles of immune checkpoint proteins PD-L2, B7-H3 and CTLA-4 in
meningioma and their association to common gene mutations. PD-L2 and B7-H3 expression was
significantly greater than all immune checkpoint proteins studied, and particularly elevated in patients
with gene mutations affecting the PI3K/AKT/mTOR pathway. CTLA-4 expressing CD3+ lymphocytes were
observed in atypical and malignant meningioma and tumors harboring a PIK3CA or SMO mutation.
These results identify novel targets for immunotherapy irrespective of grade and distinguish potential
patient populations based on genetic classification for stratification into checkpoint inhibitor clinical

Received 4 April 2018
Revised 24 July 2018
Accepted 13 August 2018

KEYWORDS

Meningioma; immune
checkpoint protein; PD-L1;
PD-L2; B7-H3; CTLA-4; PI3K/
AKT/mTOR; immunotherapy;
brain tumor

trials.

Introduction

Meningioma, a most common primary brain tumor in adults
has a prevalence of ~ 98/100,000 people."* Based on World
Health Organization (WHO) criteria that relies on histology
alone, ~ 80% of meningioma is classified as grade I or benign,
10-18% grade II or atypical and ~ 2-4% grade III or
malignant.” Grade II and III meningioma have a 5-year recur-
rence rate of ~ 50% and ~ 100% respectively and ~ 30% of grade
I meningioma will recur in a patient’s lifetime, suggesting that a
portion of grade I meningioma are biologically more
aggressive.* Meningioma, both grade I and II, may progress
to grade II1.°> However, it is not clear which of the tumors
classified as grade I or II will undergo malignant transforma-
tion. This suggests that the current WHO classification may not
be a reliable predictor of tumor behavior. Surgical resection
remains the primary treatment. Residual tumor, particularly
those involving the skull base and/or those invading the drain-
ing venous sinuses or of higher grade®” are often managed with
either radiosurgery or radiotherapy. No chemotherapy exists.
Recent genetic studies have identified mutations that
strongly correlate to meningioma subtype, location and
growth rate, suggesting molecular characterization as a more
reliable Dbiological classifier of meningioma than WHO
grading.®™'* Approximately 40-60% of all meningioma harbor
NEF2 deletions and/or point mutations. NF2 and TERT pro-
motor mutations may be found in each grade but are more
frequently observed in grade II and III meningioma and

linked to poor prognosis. Several mutations present in the
genes AKT1, PIK3CA, SMO, TRAF7, KLF4 and POLR2A are
associated with grade I meningioma and are primarily linked
to tumors located at the skull base, a particularly difficult
location to achieve complete surgical resection.®”'* These
mutations are normally found exclusive of NF2 deletions,
and collectively referred to as the non-NF2 group which
represent ~ 25% of meningiomas. This leaves only ~ 15-
20% with an unknown genetic contribution. Importantly,
many meningioma-associated mutations are shared with
other systemic cancers for which targeted therapies are avail-
able. One clinical trial using a smo inhibitor, vismodegib, for
patients with SMO L412F and W535L mutations and focal
adhesion kinase inhibitor, GSK2256098 for NF2 mutations is
currently underway."

Immunotherapy has also emerged as a treatment for menin-
gioma. Meningioma is located outside the blood brain barrier
providing access to peripheral immune cell infiltration. Indeed,
studies have shown virtually all meningioma harbor immune
cell infiltrates. Macrophages are the most abundant immune
cell in the meningioma microenvironment. Macrophage num-
bers are higher in grades IT and III as opposed to grade I.'® Mast
cells are also present in large quantities, particularly when
edema is present. CD8+ cytotoxic and CD4+ helper T cell
lymphocytes are the next most common infiltrating immune
cell, followed by regulatory T cells (Tregs) and natural killer
(NK) cells.'*2° A few B cells are also infrequently observed in
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meningioma tissues'®'”. Tregs are found to be present in all
grades of meningioma, with a tendency to be more frequent in
higher grades.'®™"” Tregs, together with CD8+ and CD4 + T
cells in meningioma microenvironment are antigen experi-
enced and often display an exhaustive phenotype, expressing
immune checkpoint proteins, PD-1 and T cell immunoglobulin
and mucin-domain containing-3 (TIM-3)."”""° Tregs modulate
immune responses and can release cytokines to reduce prolif-
eration of effector T cells. The immunosuppressive activity of
PD-1+ Tregs on T cell proliferation is evidenced by a signifi-
cant drop in CD8+ and CD4 + T cells in grade II and III
meningio.'”"” As PD-1 + T cells decrease according to WHO
grade, its binding partner on tumor cells, PD-L1, increases.
This further confirmed that for malignant meningioma, the
tumors appear to establish an immune evading milieu.
Recently, three trials have begun recruiting patients with ana-
plastic meningioma and/or radiation-refractory meningioma
for treatment with immune checkpoint protein inhibitors.
These trials use an anti-PD-1 antibody ((Nivolumab
(NCT02648997),2' Pembrolizomab (NCT03016091)** and
Avelumab (NCT03267836) *°) to block PD-L1-PD-1 binding
and thus should block the resulting immunosuppressive signal-
ing. While these trials are promising advances in the treatment
of malignant meningioma, in their current design they only
encompass a very small subset of patients. Many additional
patients irrespective of grade could respond to immunother-
apy. In previous studies measuring PD-L1 and PD-1 expres-
sions in meningioma, authors mention high inter-patient
variability in expression levels of proteins in each WHO
grade. While not as distinct as in malignant meningioma,
immunosuppressive microenvironments were still frequently
observed in grade I and II patients.'® This led us to propose
genetic changes that more accurately reflect meningioma biol-
ogy than WHO grade also correlate more closely with immune
checkpoint protein expression.

In this study, we screened 22 genetically characterized
meningioma tissue samples for a panel of immune checkpoint
proteins, and have identified for the first time the expression
of 3 immune checkpoint proteins PD-L2, B7-H3 and CTLA-4
in addition to PD-L1 and PD-1. Immune checkpoint protein
expression was observed across meningiomas of all grades but
variation in level of expression was observed between genetic
groups of meningioma. Most interestingly, we found that PD-
L2 and B7-H3 were expressed at significantly higher quanti-
ties than any other immune checkpoint protein analyzed
including previously reported PD-L1. This indicates that
these two proteins serve important roles in meningioma
immune responses. More importantly, PD-L2 and B7-H3
levels were particularly elevated in patients with gene muta-
tions affecting the PI3K/AKT/mTOR pathway. CTLA-4
expression was also measured in meningioma tissues but
was restricted to atypical and anaplastic meningioma and
tumors harboring a PIK3CA or SMO mutation.

Fluorescent immunohistochemistry revealed B7-H3 and
PD-L2 were expressed on cell membranes of tumor cells
whilst CTLA-4 was restricted to infiltrating CD3+ immune
cells. Finally, this study also evaluated the effect of edema on
immune checkpoint protein expression with no correlation
observed. These results identify additional checkpoint protein

targets for immunotherapy irrespective of grade and warrant
further investigation for stratifying patient populations based
on genetic classification with checkpoint inhibitor trials.

Methods

This study was approved by the Conjoint Health Research
Ethics Board - University of Calgary. Informed written con-
sent was obtained from each patient. Tumor tissue specimens
were acquired from patients undergoing surgical resection at
the Foothills Medical Center, Calgary. Tumor samples were
obtained prior to electrocautery. A portion of the sample was
sent to Neuropathology for routine histopathology and WHO
grading. The other portion was immediately snap frozen in
the operating room and stored at -80°C for molecular char-
acterization. For each case, a 9 ml matched-blood sample was
collected prior to surgery and immediately processed to
obtain buffycoat containing white blood cells (WBCs). DNA
from WBCs was used as a control to establish if a mutation
detected in the tumor tissue was somatic or germline. Tissue
gDNA was extracted using an in-house phenol-chloroform
extraction technique optimized for meningioma.24 Tissue
homogenates for immune checkpoint protein multiplex
ELISA arrays were processed as described below. All protein
and DNA samples were stored at -80°C. For each case, WHO
histology classifiers and final WHO grading was obtained
from patient record. Patient information (age, sex) and
detailed medical history (past resections, cancer, treatments,
radiotherapy), baseline cognitive data and information speci-
fic to the tumor (size, location, surgical procedure, pre- and
post-surgery MR imaging, extent of resection and severity of
edema) was also acquired.

NF2, 1p34 deletion screening

The NF2 and 1p34 deletion status of meningioma was per-
formed using multiplex ligation dependent probe amplifica-
tion (MLPA) on 50 ng samples of gDNA with SALSA MLPA
P044 NF2 probemix version B2 together with the MLPA
FAM-labeled PCR primer kit (MRC-Holland, Amsterdam,
Netherlands). Methods are detailed in Proctor et al 2017. **
For a baseline comparison to generate deletion and amplifica-
tion calls in tumor DNA, 50 ng of gDNA extracted from saliva
of 4 healthy subjects was included. Additional chromosomal
regions (3p22, 4927, 5p15, 5q31, 6922, 8q24, 14931, 15921,
16924, 17p13) are also included in the MLPA assay and used
as a marker of chromosomal stability.

Next-generation sequencing (NGS)

Targeted NGS was performed on DNA from the tumor tissue
using a panel of targets spanning 38 genes with reported
clinical association to meningioma. Target regions were
enriched with a custom set of small length (80 bp) capture
probes (MYbaits®). A tiling density of ~ 66% overlap between
baits and stringency filters were applied to the bait design to
maximize sequence coverage but reduce non-specific off-tar-
get probe binding. Amplified products were quantitated on a
Kapa qPCR plate and loaded onto NextSeql50 mid-output



20 GB cartridge and sequenced on Illumina NextSeq 500
sequencer. BAM sequencing read files were analyzed with
GATK best practices pipeline and point mutation variants
and small indels and amplifications were determined. A 10%
stringency was used in calling variants and identified changes
were validated by either mutation specific ARMS-PCR or
sanger sequencing. Sanger sequencing of matched DNA
from WBCs was used to determine whether mutations were
somatic or germline. Coverage of target regions (up to 5000X)
and off-target sequencing was validated using Geneious
software.

Immune checkpoint protein expression

The expression of 10 common immune checkpoint proteins
(PD-1, PD-L1, PD-L2, CTLA-4, B7-H2, B7-H3, CD28, CD80,
CD86 and ICOS) were determined using a Human Immune
Checkpoint Molecule Quantitative Multiplex ELISA Array 1
according to manufacturer instructions (Raybiotech). Tumor
tissues were homogenized in RIPA buffer containing protei-
nase inhibitor cocktail. Lysates were treated with DNAse and
protein concentration determined by BCA assay. Microarray
glass slides were incubated with 250 pg of tissue lysate protein
overnight. Microarrays were sent to Raybiotech for scanning
and extracted data was analyzed with custom quantibody
analysis tool software (Raybiotech) to determine absolute
quantities of each immune checkpoint protein for each sam-
ple. Quantities of each protein of interest are determined by
an average fluorescent intensity of four spots and compared to
a set of protein standard spots included on each glass slide. A
representative example of a standard and meningioma tissue
scanned microarray are shown in Figure 1C.

Fluorescent immunohistochemistry

Tissue sections were cut in series from formalin-fixed paraffin
embedded (FFPE) tissue blocks for each meningioma case and
both control samples (lateral temporal cortex removed during
exposure of mesial temporal epilepsy surgery). Standard H&E
staining was performed for each tumor and histological fea-
tures of each section were reviewed by a neuropathologist. For
fluorescent IHC, FFPE tissue sections were deparaffinized and
rehydrated by washing twice in xylene and 100% EtOH, once
with 90 and 70% EtOH and twice in dH,O for 5 min each.
Antigen retrieval was achieved by microwaving sections for
15 minutes in 10 mM citrate buffer, ph 6.0. Sections were
stained overnight with anti-CD3 antibodies (1:100, CD3
(PC3/188A), alexa-488 Santa Cruz Biotechnology) together
with either anti-PD-12 (1:100, PD-L2 (D7USC™) XP® CST),
anti-CTLA-4 (1:100, CTLA-4 (F-8), alexa-555 Santa Cruz
Biotechnology) or anti-B7-H3 (1;100, B7-H3 (D9M2L) XP°
CST). For PD-L2 and B7-H3 a secondary goat anti-rabbit
alexa-555 antibody was applied. Sections were then washed
in PBST and incubated with 0.05% Sudan black in 70% EtOH
for 20 minutes at RT to reduce autofluorescence. Sections
were then coverslipped using hard set mounting media con-
taining DAPI (Vectashield). Tissue sections were imaged with
a fluorescence microscope (Olympus BX51) with developer’s
software and analyzed using Image]. Positive staining results
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were characterized semi-quantitatively for B7-H3 and PD-L2
as percentage of cells expressing membranous immune check-
point proteins. Samples with no expression was reported as nil
(-), 1-10% expression was reported as low (+), 10-50% was
reported as moderate (++), and 50-100% was reported as high
(+++). For CTLA-4, representative images of each sample at
40x magnification were analyzed for number of cells expres-
sing the checkpoint protein. Representative images with 0-10
cells expressing CTLA-4 was recorded as low (+), 10-40 cells
was recorded as moderate (++), and more than 40 cells was
recorded as high (+++). Infiltrating T-cells were identified
with the maker CD3. Samples were recorded as (+) if CD3
positive cells were present and (-) if staining was absent.

Statistical analysis

Differences in mean immune checkpoint protein levels
between groups were tested using an unpaired Student’s
t-test. Correlation analyses were performed using the Pearson
coefficient analysis. Graphpad Prism 7.0a (GraphPad Software
Inc.) was used for all statistical comparisons and correlation
analyses.

Results

Comprehensive genetic characterization was performed on 20
meningioma (13 grade I, 6 grade II and 1 grade III) using a
custom targeted NGS gene panel to screen for somatic muta-
tions across 38 genes associated with the tumor. MLPA was
used to screen for NF2 and 1p32 deletions and evaluate
chromosomal instability. Gene mutation data for each patient
is summarized in Table 1. NF2, 1p32 co-deletions were the
most frequent gene change observed. NF2 and 1p32 muta-
tions were present in both grade I and II tumor specimens.
NE2 point mutations were frequently detected in the case set
with NF2R57* mutation present in three patients. NF2 gene
alterations were present in 50% of cases tested, which is in
alignment with previously published studies.”'? Point muta-
tions associated with meningioma in SMO, TRAF7, PIK3CA,
and AKTI were also identified in tissues. The AKT1 E17K
mutation was observed in three patients. Similar to previous
reports,”'? these non-NF2 mutations were found in grade I
tumors except for PIK3CA H1047R and TRAF7 R641H that
was present in the grade III specimen. Several additional
mutations in SMO, IDHI, NEGRI, SUFU, PIK3CA and
JARID genes not previously reported in meningioma were
also identified in samples.

We next quantified the expression of immune checkpoint
proteins, PD-L2, CTLA-4, B7-H2, B7-H3, CD28, CD80, CD86
and ICOS as well as previously identified PD-1 and PD-L1 in
each meningioma tissue using multiplex ELISA arrays. An
additional grade II and grade III tumor specimen were
included in addition to those that were genetically character-
ized. All immune checkpoint proteins were identified but
amounts differed significantly for each immune checkpoint
protein analyzed (Figure 1A). Not all tumor samples evenly
expressed each immune checkpoint protein. B7-H3 was the
most highly expressed (3070 + 729 pg/mg of tissue) immune
checkpoint protein, and also the only one present in each
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Figure 1. Immune checkpoint protein expression in meningioma tissues according to WHO grade and genetic subtype. (A) Quantities of 10 common
immune checkpoint proteins in meningioma tissues according to WHO grade (n = 22). Amounts of B7-H3 and PD-L2 proteins are significantly greater than all other
proteins analyzed. (B) Expression of PD-L2, B7-H3 and CTLA-4 for each case (n = 20) is quantified according to WHO grade and gene mutation subtype. (C)
Representative scans of a multiplex ELISA array for a single protein standard used in the generation of a protein quantification standard curve and also a meningioma
tissue protein sample. *** P-value < 0.001. Bars represent mean protein quantity in pg/mg of meningioma tissue. Error bars represent SEM.

sample tested. PD-L2 was the next most abundant protein
analysed (1793 + 467 pg/mg of tissue). Levels of B7-H3 and
PD-L2 in meningioma tissues were significantly higher than
all other proteins analysed (p < 0.001). The most highly
expressed immune checkpoint protein of immune cell origin
was CTLA-4 (199 £ 78 pg/mg of tissue), which was identified
in 8/20 meningiomas. PD-1 was found in most of the tumor
specimens but at lower levels than CTLA-4 (51 + 13 pg/mg of
tissue). Expression of several immune checkpoint proteins
were elevated in the grade III group (Figure 1A). High inter-
patient variance in checkpoint protein expression was present
for cases of the same WHO grade which has been mentioned
in previous reports for PD-1 and PD-L1 (Figure 1B).

Gene changes may more accurately predict meningioma
behavior than WHO grade, particularly for grade I and II
tumors. We therefore evaluated checkpoint protein expres-
sion according to gene mutation group. As predicted,
expression of checkpoint proteins was generally more con-
sistent for meningiomas according to gene subtype than
WHO grade (Figure 1B). Most notably, the expressions of
PD-L2 and B7-H3 proteins were elevated in a subset of
meningioma patients harboring oncogenic mutations dis-
rupting the PI3K/AKT/mTOR pathway. Similarly, immune
checkpoint protein CTLA-4 was primarily restricted to
meningioma with a PIK3CA or SMO mutation. While
these genetic subtypes of meningioma were associated



Table 1. Patient characteristics and genetics.
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Gene deletions

Case ID Age Sex Location Size —cm  Edema  WHO grade (MLPA) Gene mutations (NGS)
M2 63 F Right mid parafalx 1.8 Moderate | Multiple other Not specified

M3 62 F Left cerebellopontine angle 35 Nil | NF2, 1p34.1, other Not specified

M4 33 F Right frontoparietal 44 Moderate I NF2 Not specified

M5 71 F  Left frontotemporal 2.2 Moderate Il None TRAF R641H, PIK3CA H1047R, IDH1 V178I
M6 54 M Left cerebellopontine angle 0.8 Nil | None SMO W535L

M7 70 M Left frontotemporal 4 Moderate | NF2, 1p34.1 IDH1 V178l

M8 52 M Right temporal 6.7 Mild Il NF2, 1p34.1 NF2 R57 STOP

M9 58 F Left frontal parietal parafalx 6.6 Nil Il NF2 IDH1 V178I, NEGR1 Y347S

M11 79 F Left cerebellopontine angle 4.8 Mild | None SMO D25G, FANCD2 G901V
M12 68 M Left frontal medial sphenoid wing 5 Mild | None AKT1 E17K

M13 57 F Left frontal 2.6 Mild | None AKT1 E17K

M14 58 F Tuberculum sellae 1.8 Nil | None NF2 E108 Stop

M15 75 F Left mid posterior parafalx 74 Moderate |l NF2, 1p34.1 IDH1 V178l

M17 46 F  Left parietal parafalx 1.6 Nil | None NF2 R57 STOP

M18 28 F Midline parafalx right> left 7.5 Moderate I None Not specified

M19 28 F Left frontotemporal 3 Moderate | None AKT1 E17K, SUFU A340S

M20 51 F  Left cerebellopontine angle 3 Nil | None PIK3CA 1391M, NF2 insertion (frameshift)
M21 48 F Right post frontal parafalx 47 Nil | None NF2 frameshift (p.L54Lfs*29)
M22 46 M Posterior parafalx parasagittal right > left 6 Mild Il None NF2 Y66N

M23 59 F Posterior-frontal parafalx 29 Nil | None NF2 E379 STOP, JARID2 R717Q
M45 36 F Right parasagittal middle third 7.5 Nil I Not tested Not tested

M65 69 F Left frontal 7.8 Moderate Il Not tested Not tested

(@ 40 F Right lateral temporal cortex

Q2 28 M Left lateral temporal cortex

with consistently elevated immune checkpoint proteins,
the NF2 mutation group displayed quite variable expres-
sion data, particularly for PD-L2 (Figure 1B).

To confirm results obtained by multiplex ELISA and to
evaluate the distribution and cellular location of abundant
immune checkpoint proteins, fluorescent immunohistochem-
istry was performed for B7-H3, PD-L2 and CTLA-4 on tissue
sections for each meningioma patient as well as two addition
control lateral temporal cortex tissues. All 16/21 meningioma
specimens showed high expression of B7-H3 with strong mem-
brane staining observed in almost 100% of tumor cells for most
cases. The 5 remaining meningioma tissues expressed moder-
ate approaching high expression of B7-H3. Representative
fluorescent images of tissues are shown in Figure 2A and
semi-quantified in 2B. Importantly, no B7-H3 staining was
observed in either lateral temporal cortex tissues. Staining of
PD-L2 in tissues was high in 2/21, moderate in 5/21, low in 7/21
and absent in 7 of 21 meningioma tissues and control brain
tissues. PD-L2 expression was primarily observed on cell mem-
branes but cytosolic expression was also observed (Figures 2A
and 3). PD-L2 staining was not uniform across sections and
was present in multiple cell clusters of heterogeneous intensi-
ties throughout the tissue section (Figure 2A). Both B7-H3 and
PD-L2 expression was present in each tumor grade. CTLA-4
was found in 3/21 meningioma tissues. CTLA-4 staining was
only observed in atypical and malignant tumor specimens.
CTLA-4 staining occurred in a heterogenous distribution
across tumor sections in both singular cells and clusters of
aggregated cells (Figure 2A). No CTLA-4 staining was present
in lateral temporal cortex tissues. In general, immunofluores-
cent staining correlated to multiplex ELISA results although
differences were observed for a few cases for PD-L2 and CTLA-
4 which could be explained by the heterogeneous expression of
these two checkpoint proteins.

Next, to determine whether immune checkpoint proteins
were expressed in infiltrating immune cells or in tumor cells,
tissues were co-stained for checkpoint proteins together with

CD3, a marker of T-cells. Both B7-H3 and PD-L2 were present
only on tumor cells Figure 3. All cells expressing CTLA-4 were
also positive for CD3 membrane staining, confirming CTLA-4
is expressed on infiltrating T-cells (Figure 3).

Peritumoral brain edema occurs in 38%-67% patients with
meningioma® and accompanied with mast cell infiltration.*
Given that mast cells can modulate immune responses includ-
ing immune cell recruitment, we next evaluated the effect of
edema severity on checkpoint protein expression. Interestingly,
no correlation between edema severity and tumor size was
observed (r = 0.1142, P value = 0.595; Figure 4A). However, a
positive correlation between edema severity and tumor grade
was noted (r = 0.5043, P value = 0.012; Figure 4B). In contrast,
checkpoint protein expression in meningioma tissue was very
similar for patients with no edema and those with either mild
or moderate edema (Figure 4C). Similarly, the severity of
edema was highly variable in meningioma of the same genetic
subtype (Figure 4D). Representative MR images of patients
with and without edema and various tumor sizes with asso-
ciated immune checkpoint protein expression are shown in
Figure 4E.

Discussion

In this study, we identified several novel inhibitory immune
checkpoint proteins present in meningioma. More intriguing
was the discovery that profiles of immune checkpoint protein
expression are associated with common gene mutations recently
described for meningioma. Immune checkpoint proteins B7-H3
and PD-L2 were consistently elevated in meningioma that also
express oncogenic mutations that disrupt the PI3K/AKT/mTOR
pathway. Similarly, we found an abundance of immune cell
checkpoint protein, CTLA-4, in high-grade meningioma and
those harboring a PIK3CA or SMO mutation. This work builds
on recent reports that identified checkpoint proteins PD-L1 and
its binding partner PD-1 in meningioma tissue, and the inter-
esting observation that expression of PD-L1 in tumor cells
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Figure 2. Fluorescence immunohistochemistry of B7-H3, PD-L2, and CTLA-4 in meningioma and lateral temporal cortex tissues. (A) Representative
images of B7-H3, PD-L2, and CTLA-4 expression (red) in meningioma specimens and lateral temporal cortex control. Staining severity was determined semi-
quantitatively as outlined in methods. Blue represents nuclear DAPI stain. All images were taken with Olympus BX51 fluorescence microscope at 40x magnification
with scale bar measuring 50 pm. (B) Summary of CD3, B7-H3, PD-L2, and CTLA-4 expression in 21 meningioma patients (M#) and 2 lateral temporal cortex controls
(C#). Staining severity (low, moderate and high expression) follows semi-quantitative characterization as outlined in methods.

increases relative to WHO grade.'”'® Subsequently, three clinical
trials were established for treating malignant meningioma with
checkpoint  inhibitors (an  anti-PD-1 antibody).ﬂ’23
Unfortunately, only ~ 2-4% of meningioma patients would be
eligible for these trials. However, our data demonstrates that
molecular classification might be a powerful tool for stratifying
additional patient populations eligible for anti-PD-1 immu-
notherapy. Moreover, having discovered additional checkpoint
proteins in meningioma, we have uncovered further molecular
targets and patient groups to investigate for possible immu-
notherapy treatment (e.g. treating PIK3CA, SMO patients and
high-grade tumors with the approved anti-CTLA-4 antibody;
Ipilimumab).

A unique discovery of this study is that PD-L2 and B7-H3
proteins were much more abundant in meningioma tissues
than previously reported tumor cell immune checkpoint pro-
tein PD-L1. Indeed, PD-L1 expression was quite low for each
tumor specimen examined except for one grade III sample.
Limited PD-L1 protein level was expected in Grade I

meningioma and high levels are associated with grade III
tumors, it was surprising that low levels of PD-L1 were also
observed for each grade II specimen. As low expression of
PD-L1 has been reported in ~ 40% of grade II meningioma,-
718 this could in part explain our result. Of note, our data
indicate that PD-L2 and B7-H3 may play more important
roles in regulating immune responses in meningioma, parti-
cularly for grade I and II tumors that represent > 96% of all
cases. This would represent a significant advancement both in
the understanding of immunosuppressive mechanisms pre-
sent in meningioma and that many PD-L1 negative menin-
gioma could also respond to PD-1 checkpoint blockade.
PD-L2 shares very similar homology to PD-L1 and is the
only other known binding partner of PD-1.>° Much less is
known about PD-L2, compared to the more extensively studied
PD-L1. However, recent findings suggest that PD-L2 is a very
important immunological molecule in several cancers.””** The
PD-L2 ligand, when interacting with its receptor, PD-1, is one
of many inhibitory pathways of the B7-CD28 family that
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Figure 3. Fluorescence immunohistochemistry co-staining of CD3 together with B7-H3, PD-L2, and CTLA-4 in meningioma tissues. Representative
images of DAPI (blue), CD3 (green) and B7-H3, PD-L2 and CTLA-4 (red) stains at 40x magnification (Olympus BX51). Bottom panel shows overlay image of DAPI, CD3
and checkpoint protein. Scale bar measures 50 pm. Mild expression is not shown in the figure as B7-H3 and CTLA-4 showed no mild staining.

inhibits effector T cell proliferation and assist tumor immune
evasion. The signal transducer and activator of transcription
(STAT) 6 pathway, activated by the ligation of IL-4 and IL13
receptor with their ligands IL-4 or IL-13, in addition to the
cytokines TSLP and IL-27, plays an important role in regulating
Th2 immune responses and may also induce PD-L2
expression.”’

In 2017, Yearley and colleagues screened 400 tumor sam-
ples from seven types of cancer for both PD-L1 and PD-L2.
They found that PD-L2 was not only present in each cancer
and correlated with PD-L1 in both amount and distribution,
but also was detected in tumor samples where PD-L1 was
absent. In a number of cancer types tested, most notably,
gastric and head and neck squamous cell carcinoma, PD-L2
expression was considerably greater than PD-L1.*’
Importantly, patients in the KEYNOTE-012 trial with PD-L2

+ tumors had more than two times overall response rate to
the PD-1 checkpoint blockade drug pembrolizumab than
those with PD-L1 only.”” PD-L2 expression in tumors could
explain why some patients negative for PD-LI still respond to
anti-PD1 immunotherapies and why a portion of PD-L1
positive tumors does not.’> > The finding that PD-L2 is
abundant in meningioma irrespective of grade is a unique
finding suggesting novel treatment strategies for these patients
and worth pursuing in additional studies.

B7-H3 was the most prevalent and abundant inhibitory
immune checkpoint protein quantified in meningioma.
Astonishingly, B7-H3 was expressed in close to 100% of
tumor cells in the majority of meningioma specimens tested.
B7-H3 is known to be present in both tumor and infiltrating
immune cells. However, it was not observed in infiltrating
immune cells in the meningiomas examined in this study. B7-
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Figure 4. Effects of edema on immune checkpoint expression and correlation with tumor size, grade and genetic subtype. Correlation analysis of edema
severity with tumor size (A) and tumor WHO grade (B). (C) Expression of PD-L2 and B7-H3 is quantified according to severity of edema. (D) Edema severity of each
patient according to genetic mutation subtype. (Edema severity in A and B; 0 = nil, 1 = mild, 2 = moderate, 3 = severe). (E) Representative axial T; post — Gd MR
images acquired at 1.5T and associated levels of immune checkpoint proteins from 5 patients.

H3 is a member of the B7 and CD28 families. While it has
been shown to be present in many solid tumors® B7-H3’s
roles in tumor immunity are not well defined. B7-H3’s bind-
ing partner is not known. B7-H3 has been described to func-
tion as both a stimulatory and inhibitory regulator of the
immune response.’* However, many recent publications now
focus on its potent inhibitory activity on tumor immune
response.””>® B7-H3 expression has been correlated to poor

outcome in patients with non-small cell lung cancer and
prostate cancer.’®***" Blocking B7-H3 function has been
shown to reduce growth rates of cancer and an anti-B7-H3
mAD, enoblituzumab, was developed and is currently in phase
I and II clinical trials for treatment of solid tumors.*'~* The
fact that we observed moderate to high expression of B7-H3
in each tissue specimen tested, suggests B7-H3 is likely a key
molecule in meningioma biology. Importantly, B7-H3 was



recently implicated in upstream activation of the PI3K/AKT/
mTOR and NF-xB pathways, that play a significant role in
meningioma biology.*' Knockdown of B7-H3 in bladder can-
cer cells reduce AKT signaling and the migration and invasion
of these cells.** Furthermore, decreasing expression of B7-H3
in breast cancer cells sensitizes these cells in culture and
tumor xenografts to PI3K/AKT/mTOR inhibitors.*> In non-
small cell lung cancer, treatment of cells in culture with AKT
and mTOR inhibitors lead to decreased expression of B7-H3
suggesting a positive feedback mechanism may exist between
PI3K/AKT/mTOR signaling and B7-H3. Although not tested
in the current study, this mechanism may help explain why
patients with AKT1 and PIK3CA mutations displayed higher
than average B7-H3 levels. Application of soluble B7-H3
promotes the malignancy of pancreatic carcinoma cells via
NF-kB. *° Furthermore, in a mouse model of pneumococcal
meningitis application of recombinant B7-H3 led to produc-
tion of cytokines also via NF-kB signaling.”” As more details
are confirmed on the role of this immune checkpoint protein
in tumor biology it will be interesting to see how new findings
can be incorporated into our understanding of meningioma
pathogenesis and whether meningioma patients can benefit
from treatment with drugs like enoblituzumab.

Five of our meningioma samples were positive for immune
checkpoint protein CTLA-4. CTLA-4 is associated with inhi-
biting helper T cell activity and enhancing regulatory T cell
immunosuppressive activity. Immune responses are supressed
by CTLA-4 outcompeting CD28, a T cell co-stimulatory
receptor which activates T cells by amplifying T cell receptor
signalling, binding to its ligands CD80 and CD86.*
Furthermore, recent studies suggest CTLA-4 also blocks T
cell activation by activating the protein phosphatases SHP2
and PP2A, which reduce kinase signalling by T cell receptors.-
* CTLA-4 is predominately associated with immune cells but
is also expressed in tumor cells.”® In our meningioma samples
CTLA-4 was restricted to CD3+ infiltrating T-cells. The dis-
covery that some meningioma contain infiltrating immune
cells expressing this protein is exciting, given the success of
treating other types of cancer with the anti-CTLA mAb check-
point blocking drug, Ipilimumab.”’ CTLA-4 was not as ubi-
quitously expressed as B7-H3 or PD-L2, and was primarily
found in higher tumor grades. An important observation was
that 3 patients with CTLA-4 also carried a mutation in either
SMO or PIK3CA. The protein smoothened encoded by SMO,
is a class frizzled G protein coupled receptor that is part of the
hedgehog signaling pathway. Crosstalk between hedgehog and
PI3K/AKT/mTOR signaling pathways is implicated in other
cancers.”>> So it is not surprising that CTLA-4 expression
could be similar in patients with mutations in either of these
pathways. Combination of the smo inhibitors vismogedib and
sonidegib with inhibitors of PI3K/AKT/mTOR is currently
being investigated in pre-clinical animal and cell models of
various cancers.”” However, we did not detect elevated CTLA-
4 in AKTI mutated meningioma. Smoothened can activate
PI3K via the G protein G;, which is upstream of AKT activity,
suggesting CTLA-4 expression may be regulated at the level of
PI3K activation (see Figure 5). This will be important to
establish in subsequent studies in order to identify patients
groups most likely to respond to CTLA-4 blockade.

ONCOIMMUNOLOGY €1512943-9

Interestingly, application of PI3K( inhibitors was shown to
improve the efficacy of anti-CTLA-4 antibodies in treating a
mouse model of melanoma,™ suggesting combination of tar-
geted therapy and CTLA-4 blockade could be a strategy to
apply to meningioma patients. Finally, we should note that we
also observed expression of CTLA-4 in an additional grade III
meningioma that did not undergo genetic testing, suggesting
CTLA-4 could be important in this meningioma group and it
will be worthwhile investigating the use of CTLA-4 check-
point blockade in addition to anti-PD1 therapy for malignant
meningioma.

Meningioma positive for gene mutations effecting the
PI3K/AKT/mTOR signaling also had elevated levels of
immune checkpoint proteins PD-L2 and B7-H3. However,
unlike CTLA-4 expression profiles, PD-L2 and B7-H3
immune checkpoint proteins were also elevated in patients
with the AKTI E17K mutation. There is evidence for this
pathway regulating both gene expression of PD-L1 and PD-
L2 via NF-kB and perhaps by enhancing PD-L1 stabilization
at the tumor cell membrane via reducing GSK3p phosphor-
ylation (refer to Figure 5).>>~>" Importantly, gene expression
of PD-L1 can be reduced with application of inhibitors of
PI3K/AKT/mTOR signaling.”® This suggests future combina-
tion treatment with targeted and immunotherapy could pro-
vide synergistic effects in meningioma patients with altered
PI3K/AKT/mTOR signaling. This strategy has been proposed
for other cancers.”” Disruption of the PI3K/AKT/mTOR
pathway is a factor in up to ~ 30% of all cancers making
it the most prevalent cellular mechanism contributing to
cancer. While many targeted therapies are being developed
towards these molecules in this pathway, therapeutic
response in patients have been underwhelming. Results
from this study showing immune responses may be influ-
enced by gene mutations in PIK3CA and AKT1 offer impor-
tant insight into how PI3K/AKT/mTOR alterations could
contribute to tumor biology and how immunotherapy in
combination could improve patient responses to PI3K/
AKT/mTOR inhibitors.

Peritumoral brain edema is common in patients with
meningioma.””> The cause of edema is not known but is
correlated to tumor grade. However, mast cell infiltration is
observed in the microenvironment adjacent to edema,” and
we were interested to examine whether this effected immune
checkpoint protein expression. No relationship between sever-
ity of edema and levels of any immune checkpoint protein
was observed. While we cannot rule out a role of edema in
regulating immune marker expression, as no comprehensive
IHC was included in this study, these results are similar to the
previous report that showed macrophage infiltration in
meningioma was correlated to the deletion of NF2 gene but
was not effected by edema.®

In summary, we show that meningioma invokes a
diverse range of immune responses, which in part may be
contributed to by common genetic changes associated with
this tumor. Immune checkpoint proteins PD-L2 and B7-H3
were the most abundant proteins tested and present in all
grades of meningioma, indicating that these proteins may
be of more importance to immune responses than pre-
viously described immune checkpoint proteins in
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Figure 5. Oncogenic pathways and drug targets important to meningioma and immune checkpoint protein regulation. Key pathways involved in
regulating checkpoint proteins in meningioma are highlighted in yellow. Drug therapies in clinical trial or FDA approved towards targets are in red. * Represents

mutations in encoding gene is common in meningioma.

meningioma. Furthermore, we also describe here the pre-
sence of CTLA-4 in high grade meningiomas. It will be
interesting to validate these findings in a larger study cov-
ering all morphological and genetic subtypes of menin-
gioma and evaluate the effects of these immune markers
on clinical outcome.
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