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Low-grade glioma harbors few CD8
T cells, which is accompanied by
decreased expression of chemo-
attractants, not immunogenic
antigens

Bas Weenink(®?, Kaspar Draaisma?, Han Z. Ooi%, Johan M. Kros3, Peter A. E. Sillevis Smitt?,
Reno Debets? & Pim J. French?

In multiple tumor types, prediction of response to immune therapies relates to the presence,
distribution and activation state of tumor infiltrating lymphocytes (TILs). Although such therapies are,
to date, unsuccessful in gliomas, little is known on the immune contexture of TILs in these tumors. We
assessed whether low and high-grade glioma (LGG and HGG, grade Il and IV respectively) differ with
respect to number, location and tumor reactivity of TILs; as well as expression of molecules involved

in the trafficking and activation of T cells. Intra-tumoral CD8T cells were quantified by flow cytometry
(LGG: n=12; HGG: n=8) and immunofluorescence (LGG: n =28; HGG: n =28). Neoantigen load and
expression of Cancer Germline Antigens (CGAs) were assessed using whole exome sequencing and
RNA-seq. TIL-derived DNA was sequenced and the variable domain of the TCR{3 chain was classified
according to IMGT nomenclature. QPCR was used to determine expression of T cell-related genes. CD8
T cell numbers were significantly lower in LGG and, in contrast to HGG, mainly remained in close vicinity
to blood vessels. This was accompanied by lower expression of chemo-attractants CXCL9, CXCL10 and
adhesion molecule ICAM1. We did not observe a difference in the number of expressed neoantigens or
CGAs, nor in diversity of TCR-V( gene usage. In summary, LGG have lower numbers of intra-tumoral
CD8T cells compared to HGG, potentially linked to decreased T cell trafficking. We have found no
evidence for distinct tumor reactivity of T cells in either tumor type. The near absence of TILs in LGG
suggest that, at present, checkpoint inhibitors are unlikely to have clinical efficacy in this tumor type.

Diffuse gliomas are the most common type of primary brain cancer in adults. Currently, they are classified based
on histological and genetic features into oligodendroglioma, astrocytoma and glioblastoma'. Oligodendroglioma
and astrocytoma are collectively known as diffuse low-grade gliomas (LGG; WHO grade II). Glioblastoma mul-
tiforme is the most aggressive glioma subtype and by definition a high-grade tumor (HGG; WHO grade IV).
Approximately 80% of LGG harbor driver mutations in isocitrate dehydrogenase (IDH) 1 or 2 genes, while HGG
are mostly IDH wildtype®*. Although survival for diffuse gliomas differ substantially (e.g. 5-year survival for
glioblastoma: 5.5%, for grade II oligodendroglioma: 81.3%), all patients eventually die from their disease®. New
treatment options are therefore urgently required.

Immune therapies with checkpoint inhibitors (CI) have shown clinical efficacy in a number of tumor types,
including melanoma, non-small cell lung cancer, renal cancer, bladder cancer, head and neck squamous cell car-
cinoma and non-hodgkin lymphoma’~’. In a fraction of patients, particularly melanoma patients, these responses
are durable®. The best-characterized Cls include monoclonal antibodies nivolumab and pembrolizumab targeting
programmed cell death protein 1 (PD-1) and ipilimumab targeting cytotoxic T-lymphocyte-associated protein
4 (CTLA-4), respectively. In gliomas, there are several phase III trials currently ongoing that test the clinical
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Figure 1. T cells are less abundant in LGG versus HGG. (a) Single cell suspensions of HGG (n=8) and LGG
(n=12) were used to enumerate CD3 + T cells using flow cytometry. Gating strategy is shown in Fig. S1. Data
are represented as mean = SEM, p < 0.05, Mann-Whitney U test. (b) T cells were quantified on an independent
set of HGG (n=28) and LGG (n =28) using CD3 immune stainings. Mann-Whitney U test. ***P < 0.001,

*P < 0.05, NS = not significant.

benefit of CIs, mostly in the setting of recurrent HGG. Unfortunately, an initial study has not shown overall
survival benefit for recurrent HGG patients and the primary endpoint of the Checkmate 498 study on newly
diagnosed patients was not met’. Nevertheless, some anecdotal evidence of response in hypermutated HGG has
been documented!®!!.

Absent or limited response to checkpoint inhibitors may not only be the result of a reduced antigenicity
(tumor mutation burden, TMB) of the tumor, PD-L1 expression or CD8-T cell density'>'*-!5, but also to reduced
egress of T cells from the bloodstream and influx into the tumor!®. Although several of these immune evasive
mechanisms have been evaluated in gliomas (gliomas for example have a low TMB and several studies showed
that the antitumor immune response in HGGs is suppressed amongst others by enhanced PD-L1 expression'’-2?),
most of these studies did not evaluate multiple immune parameters and/or did not evaluate potential differences
between LGG and HGG. It therefore remains to be determined which of these above mentioned mechanisms
potentially can contribute to the (absence of) response to checkpoint inhibition in LGG and HGG. In the present
study, we have made a comprehensive inventory whether LGG and HGG differ with respect to number, location
and tumor reactivity of tumor-infiltrating lymphocytes (TILs); as well as expression of molecules involved in the
trafficking and activation of T cells. Collectively, our data demonstrate that LGG and HGG differ with respect
to the extent of T-cell infiltration. Since checkpoint inhibitors have limited effectivity in HGG patients, the near
absence of TILs in LGG suggests that such effectivity may be even more limited in this tumor type.

Results

LGG shows low numbers of T cells that are located perivascularly. We first assessed whether LGG
and HGG differ with respect to the number of intra-tumoral T cells. To this end, we have used two techniques.
First, using flow cytometry (LGG: n=12; HGG: n=_8), we found a ~2.5 fold decrease in the number of T cells
in LGG when compared to HGG (Fig. 1a). Second, we quantified T cells on an independent set of tumors with
immune stainings (LGG: n=28; HGG: n=28). Again, we observed that T cell numbers were decreased in LGG
by approximately 5 fold when compared to HGG (Figs 1b, S1). Normal brain tissues (n =4) showed virtually no
presence of intra-tumoral T cells.

Besides T cell numbers, we next used our immune stainings to assess the location of T cells in both tumor
types. We noted that T cells predominantly localize in the vicinity of blood vessels (Fig. S2). Interestingly, CD3
and CD8 T cells showed a deeper invasion into the tumor tissue in HGG versus LGG. In fact, in LGG, T cells were
predominantly located perivascularly (Fig. 2a—c), and T cells were only rarely identified within more distant ves-
sel perimeters. No difference in vessel size was observed between both tumor types (Fig. S2). Taken together, our
data show that in LGG there are fewer T cells than in HGG and they invade less deep into the tumor parenchyma.

We also evaluated whether T cell numbers are related to IDH mutation status as several reports indicated a
causal role for mutated IDH (and D2HG accumulation) in immune suppression*2%. IDHI/2 mutation status
was available for 35 (100%) LGG samples and 21 (68%) HGG samples used for TIL immune stainings and flow
cytometry. In our dataset, only one LGG was IDH wildtype, but nevertheless showed low TIL counts correspond-
ing to nearly all IDH mutant LGG samples (<40 T cells/mm?). IDHI mutations were observed in two HGG, and
these samples indeed had relatively low T cell numbers, comparable to LGG (<40 T cells/mm?). However, with
these limited IDH wildtype (LGG) or IDH mutant (HGG) sample numbers, we cannot conclude on a potential
association between IDH status and T cell abundance.

LGG and HGG do not show differential expression of neo-antigens nor cancer germline antigens.
Since the observed differences in quantity and location of CD8 T cells could be due to different levels in antigenic-
ity, we have determined the quantity of: (i) neo-antigens that may arise from expressed somatic mutations and (ii)
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Figure 2. T cells are retained to blood vessels in LGG compared to HGG. Spatial distribution of T cells in HGG
(n=28) and LGG (n =28) was determined by CD3 and CD8 immune stainings. (a) T cells were quantified in
consecutive perimeters of 30 um (30-180 um) starting from the border of vessels from different tumor regions
(left panel; representative HGG example, right panel; representative LGG example, stained for CD3). Vessels
were identified using autofluorescence and are positive for CD31 (see also Fig. S2). Magnification is 20 x.

Scale bar is 100 um. (b) Spatial distribution of CD3 and (c) CD8 T cells in HGG (top) vs LGG (bottom). Mean
number of T cells within first perimeter is set at 100%. Values for each perimeter are compared between HGG
and LGG, Mann-Whitney U test. *P < 0.01.

cancer germline antigens (CGAs) that may arise from loss of epigenetic silencing. Both can be exclusively expressed
in malignant but not healthy tissues. On average, LGG harbor twice as few coding non-synonymous mutations com-
pared to HGG (Fig. 3a, 1 panel: 34 4- 12 and 59 + 17) which is in concordance to previously published reports!”.
We find that less than half of these mutations are expressed (on average 14 +4 and 25+ 7 in LGG and HGG,
Fig. 3a, 2" panel). Importantly, on average only two of these expressed mutations per tumor scored sufficiently high
according to MHC class I binding, proteasomal C terminal cleavage and TAP transport efficiency to be considered
a neo-epitope. This low number was similar in both LGG and HGG (Fig. 3a, 3rd panel, Fig. S3 and Table S3).
When analyzing expression of CGAs (all those listed in the CT Database, available at http://www.cta.Incc.br/),
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Figure 3. Neo-antigens nor CGAs are differentially expressed in LGG versus HGG. (a) The total number of
mutations in coding regions in HGG (n=5) and LGG (n = 5) shows a higher mutational load in HGG (top).
This difference is also observed when selecting for nonsynonymous mutations that are expressed (middle). The
number of predicted neo-antigens were however very low and did not differ between LGG and HGG (bottom).

See materials and methods for details. (b) Number of expressed CGAs was similar in LGG and HGG samples.
Mann-Whitney U test. *P < 0.05.

we found no difference when comparing between LGG and HGG (Figs 3b, and S3). These results indicate that
differences in T cell numbers and locations are unlikely caused by differences in levels of immunogenic antigens,
such as neo-antigens and CGAs.

LGG and HGG harbor an equally diverse TCR-V{3 repertoire. Another angle to assess differences in
antigenicity between HGG and LGG is the breadth of the TCR-V{3 repertoire of intra-tumoral T cells. To this end,
we have sequenced the TCR3 CDR3 region of T cells present in the same tumors that were used for exome and
RNA sequencing. Our data show that LGG and HGG do neither differ in quantity (Fig. 4a), nor quality (diversity;
the number of unique and productive TCR-V(3 reads that represent the top 30% of the total number of TCR-V3
reads), nor quality (convergence; the abundance of the 10 most frequent TCR-V( reads) of dominant TCR clones
(Figs 4b, S4). Of note, in HGG patient #2 and LGG patients #1 and #5, we observed only 3 highly abundant TCR
clones and thus a clear narrowing down of the TCR-Vf repertoire, which may be indicative of an active T cell
response. Since the TCR-V(3 repertoire appears equally diverse in LGG and HGG, our results confirm the notion
that the observed differences in T cell numbers and location between LGG and HGG are not driven by differences
in tumor antigenicity. However, neo-epitope identification should be interpreted with caution as these tools may
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Figure 4. TCR repertoire appears diverse in HGG and LGG, showing no difference in V3 dominance. TIL-
derived DNA of HGG (n=5) and LGG (n=5) was sequenced for the CDR3 region of the TCR@ chain. (a) HGG
and LGG do not differ in quantity of dominant TCR clones. The average number of dominant TCR clones is
determined by the number of TCR-V(3 genes representing 30% of all V(3 genes and presented per patient sample.
(b) HGG and LGG do not differ in quality of dominant TCR clones. The quality of TCR clones is determined

by the gene-usage of the 10 most frequent TCR-V(3 genes and presented for HGG (top) or LGG (bottom).
Productive frequency (%) is the fraction of unique TCR-V( reads which do not contain a premature stop-
codon. Mann-Whitney U test.

have a significant false negative rate. It is also noteworthy that besides the presence of neo-epitopes, antigen recog-
nition by T cells depends on other variables, such as antigen processing, immunogenicity of epitope, and/or MHC
expression. With respect to the latter, class I MHC-restricted epitopes have not been assessed in the current study.

LGG demonstrates decreased expression of T cell chemo-attractants and adhesion molecules.
Lastly, we analyzed the expression of genes that correspond to T cell recruitment (HGG: n =20, LGG:
n =20, Fig. 5a,b). In line with the observed decrease in T cell numbers, T cell adhesion molecule ICAMI and
chemo-attractants CXCL9 and CXCL10 were expressed at lower levels in LGG compared to HGG. No correla-
tion could be found between expression level of these factors and intratumoral CD8 T cell numbers (data not
shown). Expression of CD8 T cell effector molecule GZMK was also decreased, yet this difference did not reach
statistical significance. We confirmed these observations in TCGA RNA-seq data of LGG and HGG. Table 1
shows an overview of adhesion molecules, chemo-attractants and molecules associated with CD8 T cells and fold
differences in their expression when comparing LGG to HGG. Normal brain tissues (n =4) did not express any of
above-mentioned markers except CXCL10, which showed mRNA levels similar to LGG samples.

Discussion

In this study, we have investigated whether LGG and HGG differ with respect to number and location of T cells.
We observed that CD8 T cells are less abundant and are more closely located to blood vessels in LGG compared
to HGG. We show that this T cell exclusion is unlikely caused by differential tumor reactivity of T cells nor
levels of neo-epitopes or CGAs, but that these differences are accompanied by differential expression of T cell
chemo-attractants and adhesion molecules.
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Figure 5. Decreased gene-expression of T cell trafficking molecules in LGG versus HGG. RT-qPCR was
performed for HGG (n=20) and LGG (n=20) to determine gene expression levels of (a) the chemo-attractants
CXCL9 and CXCL10, adhesion molecule ICAM1 and (b) the T cell effector molecule GZMK. Each dot
represents an individual sample. Relative expression levels (272) are shown according to log scale. Black bars
show the median value. Expression levels of HGG and LGG are compared using the Mann-Whitney U test and
p-values are FDR-corrected for multiple testing. ***P < 0.001, **P < 0.01, *P < 0.05, NS = not significant.

Previous studies also reported reduced CD8 T cell numbers in human LGG compared to HGG**>?. Most
LGG harbor mutations in the IDHI gene and there is recent evidence for a causal role of mutant IDH1 activity in
immune suppression. For example, in a murine model for LGG, the introduction of mutant IDHI or treatment
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Chemo-attractants LGG (mean=+ SD) | HGG (mean =+ SD) | Fold change P-value
CXCLI0 47+24 8.6+2.0 0.6 2.E-43
CXCL11 3.6+2.0 6.4+2.1 0.6 2.E-28
CXCL9 45+22 7.0+1.9 0.7 7.E-23
CCL5 6.1+1.8 7.6+1.2 0.8 4.E-17
CCL2 8.9+2.0 10.6+1.7 0.8 1.E-14
CCL3 9.1+2.4 7.6£1.9 1.2 4.E-10
CCL7 0.3+1.1 1.6+2.2 0.2 9.E-10
CCL4 84+25 72+£1.7 1.2 5.E-07
CCL1 04+1.0 0.1+0.4 5.3 2.E-05
CXCL3 47+1.7 54423 0.9 4.E-03
CXCL4 1.6+1.6 1.5+1.6 1.1 4.E-01
S:clll ;t};zsriloe‘:tmmﬂity LGG (mean+SD) | HGG (mean = SD) | Fold change P-value
ANXA2 10.6+1.1 13.1+1.0 0.8 2.E-59
LGALS1 11.5+£09 13.4+£0.9 0.9 2.E-54
LGALS3 9.74+0.9 123+14 0.8 8.E-48
TSPAN24 11.6 £0.6 13.0£0.9 0.9 6.E-38
ANXA5 13.3£0.7 14.6+0.9 0.9 2.E-34
TSPAN30 13.9£0.5 15.0£0.8 0.9 1.E-29
ICAM1 92+1.3 10.5+1.3 0.9 1.E-15
PECAMI 9.7+0.8 10.4+£0.7 0.9 5.E-13
ITGB2 11.5+14 123+1.1 0.9 5.E-07
TSPAN10 3.7+15 43+1.5 0.9 2.E-04
ITGAL 82+1.6 8.7+13 0.9 6.E-04
TSPAN28 153+0.6 15.14+0.7 1.0 3.E-03
VCAMI 10.7+£2.0 11.1+14 1.0 2.E-02
ICAM2 9.0+0.7 8.8+0.8 1.0 5.E-02
CDS T cells LGG (mean+SD) | HGG (mean=+SD) | Fold change P-value
ICOS 1.0£1.5 24+1.7 0.4 2.E-13
GZMK 2.5+2.1 43+2.1 0.6 1.E-12
CD8A 51+1.6 62+1.4 0.8 2.E-10

Table 1. Expression of T cell recruitment genes in LGG and HGG. TCGA gene expression data of molecularly
defined LGG and HGG cases (LGG: n =232, HGG: n =246) were used from the University of California Santa
Cruz Cancer Genome Browser (available at http://www.cbioportal.org/). LGG and HGG cases were compared
for expression levels of differentially expressed C, CC, CXC and CX3C chemo-attractants, adhesion molecules
(including integrins, annexins, galectins, tetraspanins) and genes associated with CD8 T cell activation. Mean
expression values & SD for each gene are shown as log2 (FKPM) and LGG vs HGG are tested using T tests.
P-values are FDR-corrected for multiple testing. Fold change was calculated by dividing LGG mean expression
value by HGG mean expression value. Genes shown in bold show significantly lower expression in LGG.

with 2HG reduced protein levels of CXCL10 likely through decreased production of STAT1%, and suppressed
the accumulation of T cells at tumor sites. A different study showed that 2HG reduced proliferation of human T
cells cultured in vitro**. However, we could not conclude on a potential relationship between IDH status and T
cell abundance, since either IDH wildtype or IDH mutant sample numbers were too small for LGG and HGG,
respectively.

Although T cells are clearly present in HGG, multiple immune suppressive mechanisms have been shown to
attenuate an effective antitumor immune response in this tumor'®". The co-presence and function of immune
suppressive cells like regulatory T cells (Tregs), tumor-associated macrophages (TAMs) and myeloid-derived
suppressor cells (MDSCs) results in strong dampening of T cell effector function in the HGG microenvironment.
Besides the immune suppressive cells, also up-regulated expression of immune or metabolic checkpoint inhib-
itors (i.e., PD-1 and IDOI, respectively) dampens T cell effector function in HGG'#-2!, A recent study analyzed
PD-1+ T cell infiltration and also PD-L1 tumor cell expression in 57 IDH mutant and 117 IDH wildtype gliomas
and found that IDH wildtype HGG gliomas display more prominent PD-1+ T cells and higher PD-L1 expression
when compared to IDH mutant LGG cases®. Garber and colleagues also showed a positive correlation between
PD-1+ T cells and high but not low tumor grade®. In addition, several other studies have confirmed high PD-L1
expression on tumor cells in HGG*-%, yet there are large differences in extent of PD-L1 positivity between stud-
ies, which may relate to differences in primary antibody used.

There is some preclinical evidence for the effectivity of (combination) checkpoint inhibition in glioma®"*,
which compelled the clinical testing of inhibitors targeting CTLA-4 and PD-1 in (recurrent) HGG patients.
However, preliminary results demonstrated a failure of nivolumab to prolong overall survival of patients with
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recurrent HGG, and the primary endpoint was not met in newly diagnosed, MGMT-promoter unmethylated
patients treated with nivolumab in combination with temozolomide and radiotherapy®. Studies on melanoma
and non-small-cell lung carcinoma have shown that response to checkpoint inhibitors is associated with a high
mutational load'>". Indeed, nivolumab treatment of 2 patients with hypermutant HGG resulting from germline
biallelic mismatch repair deficiency (BMMRD) resulted in clinical responses'. In most HGG and LGG muta-
tional burden is more than an order of magnitude lower than in melanomas and lung adenocarcinomas'’. Our
data, using whole exome sequencing, show that HGG on average harbor only ~60 coding mutations and LGG half
this amount, which is in line with data from other studies?**. This number is significantly lower than the ~150
non-synonymous mutations within expressed genes that are estimated to be required, on average, to establish
neo-epitopes that can potentially be recognized by autologous T cells. Although ~150 non-synonymous muta-
tions present in expressed genes within a single tumor generally enable the detection of neo-antigens®, it is
important to realize that a single mutation may already be sufficient to mediate an anti-tumor response. When
assessing neo-epitope expression, we predicted presence of only a very few (up to 2) in both LGG and HGG, and
expression levels were very low. With respect to CGAs, approximately 80 were expressed in both tumor types,
however again at low levels. Of note, it should be considered that CGAs may not be presented in each patient
(tumor) due to HLA restriction of CGA epitopes. Although expression analysis was performed on a rather small
number of samples (n =5 for both tumor types), neo-epitope and CGA expression values demonstrated limited
variation. Despite low expression of above-mentioned antigens, we did observe a clear narrowing of the TCR rep-
ertoire in 30% of tumor samples, similar for both LGG and HGG, which suggests that intra-tumoral T cells have
been enriched for reactivity against tumor tissue. Indeed, there is preclinical evidence for the immunogenicity of
a number of neo-epitopes arising from hallmark glioma mutations, including EGFRVIII (an intragenic deletion
of exons 2-7 of the epidermal growth factor receptor), IDHIR**H and H3.3%2"M35-37_ Fuyture studies will have
to determine whether LGG and HGG are inherently sufficiently immunogenic for CI to be effective as a single
therapy.

Based on our results, we speculate that low numbers and perivascular location of T cells in LGG is at least
partly due to hampered T cell trafficking into tumor parenchyma. Microvascular proliferation is a specific
histological hallmark for HGG and the absence of this phenomenon in LGG translates to lower abundance of
endothelium and may consequently also result in lower levels of T cell trafficking molecules. Accordingly, we
observed low expression of the adhesion molecule ICAMI and the chemo-attractants CXCL9 and CXCLI10 in
LGG, molecules that have earlier been reported to be related to T cell exclusion®. This could be confirmed in
TCGA RNA-seq data, where a general downregulation of cell adhesion, motility and movement molecules, and
chemo-attractants could be seen in LGG compared to HGG. The impact of chemo-attractants on the observed
differences in T cell numbers still remains speculative and future functional experiments should be performed
to demonstrate causality. Many other factors could also contribute to these observations, including exhaustion of
T cells, presence of immunosuppressive cells and tumor-derived immunosuppressive molecules (e.g. 2HG and
immune checkpoint ligands)?"*. Of note, LGG showed a two-fold decrease in expression of chemokine receptor
CXCR3 compared to HGG (data not shown). CXCR3+ T cells exhibit increased recruitment upon CXCR3 bind-
ing to ligands CXCL9 and CXCL10. We also found that GZMK is downregulated in LGG; it is expressed by CD8
T cells and this observation is in line with decreased CD8 T cell numbers in LGG. Although our data suggests
correlation but does not directly prove causality, the reduced intra-tumoral CD8 T cell numbers in LGG may be
explained by the aberrant expression of genes that are involved in T cell recruitment.

Taken together, the low antigenicity (neo-antigen repertoire and CGA expression) of gliomas helps under-
stand the thus-far limited clinical efficacy of checkpoint inhibitors in glioma patients. Moreover, the low abun-
dance and perivascular location of CD8 T cells in LGG suggest such therapies, at present, will have little effect on
LGG patients.

Methods

Tumor samples. HGG (grade IV) and LGG (grade II) samples were randomly selected from the Erasmus
MC tumor archive based on histological and molecular WHO 2016 criteria. IDH1 status was determined for
diagnostic purposes by next generation targeted resequencing or immunohistochemistry for most cases®4.
We performed sanger sequencing on DNA isolated from FFPE tumor tissue samples in case of unknown IDH1
mutation status*'. For immune stainings, samples with significant areas of necrosis were avoided. Samples for
whole exome, RNA and TCR-seq were selected for tumor cell percentages higher than 70%, as determined by a
dedicated neuropathologist (J.M.K.). TIL samples (see below) were derived from tumor biopsies or tumor tissue
collected with the Cavitron Ultrasonic Surgical Aspirator (CUSA). DNA isolated from healthy control PBMC
was available at the Erasmus MC department of Clinical Chemistry. All patients provided written informed con-
sent according to national and local regulations for correlative tissue studies. All experimental protocols were
approved by the Erasmus MC Medical and Ethical Review Committee. The methods were carried out in accord-
ance with the relevant guidelines and regulations. Patient characteristics are listed in Tables S1 and S2.

TIL suspensions and flow cytometry. Tumors were cut in small pieces. Red blood cell lysis buffer was
added to eliminate erythrocytes, and tissues were enzymatically dissociated using 1 mg/ml collagenase and 1 mg/
ml DNAse I at 37°C for 1 hour. Dispersed tissue was passed through a 70 pm cell strainer and 0.1 mM EDTA was
added to inhibit the remaining enzymatic activity of collagenase and DNAse I. Cells were stained using a mix
of 5ul PE-conjugated mouse anti-human CD45 (DAKO (Agilent Technologies), 2.5 ul APC-conjugated mouse
anti-human CD3 and 1 pl 7-AAD (both from BD Biosciences (Vianen, the Netherlands)) in a final volume of 50 ul
at 4°C for 30 minutes. Cells were then washed in PBS and fixed in 1% paraformaldehyde for 5minutes. Live T cells
(7AAD—, CD14—, CD3+) were quantified on a FACS Canto (BD Biosciences) and flow cytometric data was ana-
lyzed using FlowJo V10. To correct for variation in tumor size, T cells were enumerated per gram of tumor tissue.
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Immunofluorescence and quantitation of T cell numbers.  Formalin-fixed, paraffin-embedded tumor
samples were cut into 4 um sections. After deparaffinization with xylene, antigen retrieval was performed in the
microwave for 20 minutes. Non-specific binding was blocked by adding 5%BSA/PBS for 30 minutes. The sections
were washed in PBS and incubated for 1 hour with one of the following mouse anti-human primary antibodies:
anti-CD3 clone F7.2.38, 1:100; anti-CD8 clone C8/144B, 1:200, anti-CD31 clone JC70A, 1:30 (all from Agilent
Technologies, Amstelveen, the Netherlands); and, subsequently, with goat anti-mouse biotinylated, 1:200 (Agilent
Technologies). A tertiary step was performed with Avidin-Cy3, 1:100 (Sanbio, Uden, the Netherlands) for 1 hour
at room temperature. Slides were mounted with Vectashield Hard Set Antifade Mounting Medium with DAPI
(Vector (Brunschwig chemie, Amsterdam, the Netherlands). Human normal tonsil was used as positive control
tissue. Widefield fluorescent images were acquired using the LSM 700 Confocal (Zeiss, Breda, the Netherlands)
in four random tumor areas. T cell counting was performed blinded to tumor subtype. Intra-tumoral vessels were
identified using autofluorescence. 3 x 3 Tile images were acquired using a 20x objective. Per tumor, CD3 and CD8
T cells in the vicinity of at least 5 vessels from different tumor regions were quantified using ImageJ and custom R
scripts. To this end, starting from the outside of each vessel, T cells were enumerated along concentric perimeters
up to 180 um (with 30 um increments) and displayed per perimeter area (mm?).

Antigen load. For whole exome and RNA sequencing, nucleic acids were isolated from 5 HGG and 5 LGG
(see Table S2) using an AllPrep DNA/RNA Mini Kit (Qiagen, Venlo, the Netherlands) according to the manu-
facturer’s instructions. Exome capture was performed using the Nimblegen SeqCap EZ MedExome kit (Roche,
Woerden, the Netherlands) which captures 47 Mb of exonic regions. Paired-end 2 x 100 bp sequencing was
performed on HiSeq2000 systems using the TruSeq V3 chemistry (Illumina, Eindhoven, the Netherlands). For
RNA sequencing, poly-A selected RNA libraries were prepared using the TruSeq Total RNA-seq library pro-
tocol (Illumina), and the resulting libraries were sequenced on an HiSeq2500 using 50 bp paired-end reads. A
summary of the bioinformatic pipeline used to subsequently process our whole exome and RNA sequencing
raw data is available in Supplementary methods. Using a custom R script and the Ensembl API, coding vari-
ants obtained from whole exome sequencing were edited into cDNA sequence and subsequently translated into
protein sequence, after which 17 aa protein sequences (with mutated residue at middle position) were used to
perform epitope predictions using NetCTLpan*2. To determine MHC class I restriction for each patient, 4 digit
typing on RNA-seq reads was performed using seq2hla®’. Potential neo-epitopes (9 mers) were identified, select-
ing those epitopes that (1) contain the mutated amino acid; (2) were derived from a gene with expression (FPKM)
values >0; (3) have a score >0.5 for peptide MHC class I binding, proteasomal C terminal cleavage and TAP
transport efficiency. All SNVs are listed in Table S4.

TCR-V@3 sequencing. Mononuclear cells were isolated from TIL suspensions using Percoll density gradient
centrifugation, and viable T cells were quantified using flow cytometry. DNA isolation was performed using a
QIAamp DNA Blood Mini Kit (Qiagen) according to the manufacturer’s instructions. Amplification and sequenc-
ing of TCRB CDR3 was performed using the immunoSEQ Platform (Adaptive Biotechnologies, Seattle, WA).

Real-time qPCR of immune-related genes. Four 10 um sections of formalin-fixed, paraffin-embedded
tissue were deparaffinized in xylene and dehydrated in 100% ethanol. RNA was extracted using the RNeasy FFPE
Kit (Qiagen) according to the manufacturer’s instructions. Reverse transcription was performed with 40 ng of
total RNA using the TagMan PreAmp Master Mix Kit and 200IU SuperScript III Reverse Transcriptase (both
from Fisher Scientific, Landsmeer, the Netherlands). QPCR was performed using a MasterMix Plus without UNG
(Eurogentec, Maastricht, the Netherlands), 450 nM of each primer, 125nM of probe, 2 ul of the preamplification
mix in a final reaction volume of 20 ul. Reactions were performed and analyzed using a Stratagene Mx3005P ther-
mocycler and Stratagene Mx3005P software (Agilent Technologies). Cycling conditions were: 50 °C for 2 minutes,
95 °C for 10 minutes, 40 cycles of 92°C for 15sec and 60 °C for 1 min. GAPDH was used as a housekeeping gene
in all gene expression assays.

Statistics. Statistical analysis was performed using RStudio software and statistical methods used are spec-
ified in the figure legends for each experiment. We considered differences significant when P < 0.05. Data are
represented as mean = SEM unless otherwise stated.

Data Availability

All data generated or analysed during this study are included in this article (and its Supplementary Information files).

References
1. 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, https://doi.org/10.1007/s00401-016-1545-1 (2016).
2. Eckel-Passow, J. E. et al. Glioma Groups Based on 1p/19q, IDH, and TERT Promoter Mutations in Tumors. N Engl ] Med 372,
2499-2508, https://doi.org/10.1056/NEJMoal407279 (2015).
3. Ceccarelli, M. et al. Molecular Profiling Reveals Biologically Discrete Subsets and Pathways of Progression in Diffuse Glioma. Cell
164, 550-563 (2016).
4. Ostrom, Q. T. et al. CBTRUS Statistical Report: Primary brain and other central nervous system tumors diagnosed in the United
States in 2010-2014. Neuro Oncol 19, v1-v88 (2017).
. Robert, C. et al. Pembrolizumab versus Ipilimumab in Advanced Melanoma. N Engl ] Med 372, 2521-2532, https://doi.org/10.1056/
NEJMoal503093 (2015).
6. Brahmer, J. et al. Nivolumab versus Docetaxel in Advanced Squamous-Cell Non-Small-Cell Lung Cancer. N Engl ] Med 373,
123-135, https://doi.org/10.1056/NEJMoal504627 (2015).
7. Motzer, R. ]. et al. Nivolumab versus Everolimus in Advanced Renal-Cell Carcinoma. N Engl ] Med 373, 1803-1813, https://doi.
org/10.1056/NEJMoal510665 (2015).

wu

SCIENTIFIC REPORTS |

(2019) 9:14643 | https://doi.org/10.1038/s41598-019-51063-6


https://doi.org/10.1038/s41598-019-51063-6
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1056/NEJMoa1407279
https://doi.org/10.1056/NEJMoa1503093
https://doi.org/10.1056/NEJMoa1503093
https://doi.org/10.1056/NEJMoa1504627
https://doi.org/10.1056/NEJMoa1510665
https://doi.org/10.1056/NEJMoa1510665

www.nature.com/scientificreports/

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
. Zhai, L. et al. Infiltrating T Cells Increase IDO1 Expression in Glioblastoma and Contribute to Decreased Patient Survival. Clin

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

37.
. Hegde, P. S., Karanikas, V. & Evers, S. The Where, the When, and the How of Immune Monitoring for Cancer Inmunotherapies in

39.

40.
41.
42.

43.

. Larkin, J. et al. Combined Nivolumab and Ipilimumab or Monotherapy in Untreated Melanoma. N Engl ] Med 373, 23-34, https://

doi.org/10.1056/NEJMoal504030 (2015).

. Reardon, D. A. et al. 0S10.3 Randomized Phase 3 Study Evaluating the Efficacy and Safety of Nivolumab vs Bevacizumab in Patients

With Recurrent Glioblastoma: CheckMate 143. Neuro-Oncology 19, iii21-iii21 (2017).

Bouffet, E. et al. Inmune Checkpoint Inhibition for Hypermutant Glioblastoma Multiforme Resulting From Germline Biallelic
Mismatch Repair Deficiency. J Clin Oncol 34, 2206-2211 (2016).

Johanns, T. M. et al. Inmunogenomics of Hypermutated Glioblastoma: A Patient with Germline POLE Deficiency Treated with
Checkpoint Blockade Immunotherapy. Cancer Discov 6, 1230-1236, https://doi.org/10.1158/2159-8290.CD-16-0575 (2016).
Snyder, A. et al. Genetic basis for clinical response to CTLA-4 blockade in melanoma. N Engl ] Med 371, 2189-2199, https://doi.
org/10.1056/NEJMoal406498 (2014).

Rizvi, N. A. et al. Cancer immunology. Mutational landscape determines sensitivity to PD-1 blockade in non-small cell lung cancer.
Science 348, 124-128 (2015).

Topalian, S. L. et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N Engl ] Med 366, 2443-2454, https://
doi.org/10.1056/NEJM0a1200690 (2012).

Tumeh, P. C. et al. PD-1 blockade induces responses by inhibiting adaptive immune resistance. Nature 515, 568-571, https://doi.
org/10.1038/nature13954 (2014).

Debets, R., Donnadieu, E., Chouaib, S. & Coukos, G. TCR-engineered T cells to treat tumors: Seeing but not touching? Semin
Immunol 28, 10-21, https://doi.org/10.1016/j.smim.2016.03.002 (2016).

Alexandrov, L. B. et al. Signatures of mutational processes in human cancer. Nature 500, 415-421, https://doi.org/10.1038/
nature12477 (2013).

Nduom, E. K., Weller, M. & Heimberger, A. B. Immunosuppressive mechanisms in glioblastoma. Neuro Oncol 17(Suppl 7),
vii9-viil4, https://doi.org/10.1093/neuonc/nov151 (2015).

Razavi, S. M. et al. Immune Evasion Strategies of Glioblastoma. Front Surg 3, 11, https://doi.org/10.3389/fsurg.2016.00011 (2016).

Cancer Res 23, 6650-6660, https://doi.org/10.1158/1078-0432.CCR-17-0120 (2017).

Charoentong, P. et al. Pan-cancer Inmunogenomic Analyses Reveal Genotype-Immunophenotype Relationships and Predictors of
Response to Checkpoint Blockade. Cell Rep 18, 248-262, https://doi.org/10.1016/j.celrep.2016.12.019 (2017).

Gao, Y., Vallentgoed, W. R. & French, P. J. Finding the Right Way to Target EGFR in Glioblastomas; Lessons from Lung
Adenocarcinomas. Cancers (Basel) 10, https://doi.org/10.3390/cancers10120489 (2018).

Kohanbash, G. et al. Isocitrate dehydrogenase mutations suppress STAT1 and CD8+ T cell accumulation in gliomas. J Clin Invest
127, 1425-1437, https://doi.org/10.1172/JCI190644 (2017).

Pickard, A.J. et al. Intracerebral Distribution of the Oncometabolite d-2-Hydroxyglutarate in Mice Bearing Mutant Isocitrate
Dehydrogenase Brain Tumors: Implications for Tumorigenesis. Front Oncol 6, 211, https://doi.org/10.3389/fonc.2016.00211 (2016).
Berghoff, A. S. et al. Correlation of immune phenotype with IDH mutation in diffuse glioma. Neuro Oncol 19, 1460-1468, https://
doi.org/10.1093/neuonc/nox054 (2017).

Bunse, L. et al. Suppression of antitumor T cell immunity by the oncometabolite (R)-2-hydroxyglutarate. Nat Med, https://doi.
org/10.1038/541591-018-0095-6 (2018).

Garber, S. T. et al. Immune checkpoint blockade as a potential therapeutic target: surveying CNS malignancies. Neuro Oncol 18,
1357-1366, https://doi.org/10.1093/neuonc/now132 (2016).

Nduom, E. K. et al. PD-L1 expression and prognostic impact in glioblastoma. Neuro Oncol 18, 195-205, https://doi.org/10.1093/
neuonc/nov172 (2016).

Berghoff, A. S. et al. Programmed death ligand 1 expression and tumor-infiltrating lymphocytes in glioblastoma. Neuro Oncol 17,
1064-1075, https://doi.org/10.1093/neuonc/nou307 (2015).

Sahm, E. & Wick, A. ID(H)entifying checkpoint inhibitor candidates among diffuse glioma. Neuro Oncol 19, 1427-1428, https://doi.
org/10.1093/neuonc/nox145 (2017).

Reardon, D. A. et al. Glioblastoma Eradication Following Immune Checkpoint Blockade in an Orthotopic, Immunocompetent
Model. Cancer. Immunol Res 4, 124-135, https://doi.org/10.1158/2326-6066.CIR-15-0151 (2016).

Kim, J. E. et al. Combination Therapy with Anti-PD-1, Anti-TIM-3, and Focal Radiation Results in Regression of Murine Gliomas.
Clin Cancer Res 23, 124-136, https://doi.org/10.1158/1078-0432.CCR-15-1535 (2017).

Colli, L. M. et al. Burden of Nonsynonymous Mutations among TCGA Cancers and Candidate Immune Checkpoint Inhibitor
Responses. Cancer Res 76, 3767-3772, https://doi.org/10.1158/0008-5472.CAN-16-0170 (2016).

Schumacher, T. N. & Schreiber, R. D. Neoantigens in cancer immunotherapy. Science 348, 69-74, https://doi.org/10.1126/science.
aaa4971 (2015).

Sampson, J. H. et al. EGFRvIII mCAR-modified T-cell therapy cures mice with established intracerebral glioma and generates host
immunity against tumor-antigen loss. Clin Cancer Res 20, 972-984, https://doi.org/10.1158/1078-0432.CCR-13-0709 (2014).
Schumacher, T. et al. A vaccine targeting mutant IDH1 induces antitumour immunity. Nature 512, 324-327, https://doi.org/10.1038/
naturel3387 (2014).

Ochs, K. et al. K27M-mutant histone-3 as a novel target for glioma immunotherapy. Oncoimmunology 6, 1328340 (2017).

the Era of Checkpoint Inhibition. Clin Cancer Res 22, 1865-1874, https://doi.org/10.1158/1078-0432.CCR-15-1507 (2016).
Dubbink, H. J. et al. Molecular classification of anaplastic oligodendroglioma using next-generation sequencing: a report of the
prospective randomized EORTC Brain Tumor Group 26951 phase III trial. Neuro Oncol 18, 388-400, https://doi.org/10.1093/
neuonc/nov182 (2016).

Capper, D. et al. Characterization of R132H mutation-specific IDH1 antibody binding in brain tumors. Brain Pathol 20, 245-254
(2010).

Bralten, L. B. et al. IDH1 R132H decreases proliferation of glioma cell lines in vitro and in vivo. Ann Neurol 69, 455-463, https://doi.
org/10.1002/ana.22390 (2011).

Stranzl, T., Larsen, M. V., Lundegaard, C. & Nielsen, M. NetCTLpan: pan-specific MHC class I pathway epitope predictions.
Immunogenetics 62, 357-368, https://doi.org/10.1007/s00251-010-0441-4 (2010).

Boegel, S. et al. HLA typing from RNA-Seq sequence reads. Genome Med 4, 102, https://doi.org/10.1186/gm403 (2012).

Author Contributions
PJ.E, R.D. and PA.E.S.S. conceived the experiments, B.W., H.Z.O and J.M.K. conducted the experiments, B.W.
and K.D. analysed the results. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-51063-6.

Competing Interests: The authors declare no competing interests.

SCIENTIFIC REPORTS |

(2019) 9:14643 | https://doi.org/10.1038/s41598-019-51063-6


https://doi.org/10.1038/s41598-019-51063-6
https://doi.org/10.1056/NEJMoa1504030
https://doi.org/10.1056/NEJMoa1504030
https://doi.org/10.1158/2159-8290.CD-16-0575
https://doi.org/10.1056/NEJMoa1406498
https://doi.org/10.1056/NEJMoa1406498
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1038/nature13954
https://doi.org/10.1038/nature13954
https://doi.org/10.1016/j.smim.2016.03.002
https://doi.org/10.1038/nature12477
https://doi.org/10.1038/nature12477
https://doi.org/10.1093/neuonc/nov151
https://doi.org/10.3389/fsurg.2016.00011
https://doi.org/10.1158/1078-0432.CCR-17-0120
https://doi.org/10.1016/j.celrep.2016.12.019
https://doi.org/10.3390/cancers10120489
https://doi.org/10.1172/JCI90644
https://doi.org/10.3389/fonc.2016.00211
https://doi.org/10.1093/neuonc/nox054
https://doi.org/10.1093/neuonc/nox054
https://doi.org/10.1038/s41591-018-0095-6
https://doi.org/10.1038/s41591-018-0095-6
https://doi.org/10.1093/neuonc/now132
https://doi.org/10.1093/neuonc/nov172
https://doi.org/10.1093/neuonc/nov172
https://doi.org/10.1093/neuonc/nou307
https://doi.org/10.1093/neuonc/nox145
https://doi.org/10.1093/neuonc/nox145
https://doi.org/10.1158/2326-6066.CIR-15-0151
https://doi.org/10.1158/1078-0432.CCR-15-1535
https://doi.org/10.1158/0008-5472.CAN-16-0170
https://doi.org/10.1126/science.aaa4971
https://doi.org/10.1126/science.aaa4971
https://doi.org/10.1158/1078-0432.CCR-13-0709
https://doi.org/10.1038/nature13387
https://doi.org/10.1038/nature13387
https://doi.org/10.1158/1078-0432.CCR-15-1507
https://doi.org/10.1093/neuonc/nov182
https://doi.org/10.1093/neuonc/nov182
https://doi.org/10.1002/ana.22390
https://doi.org/10.1002/ana.22390
https://doi.org/10.1007/s00251-010-0441-4
https://doi.org/10.1186/gm403
https://doi.org/10.1038/s41598-019-51063-6

www.nature.com/scientificreports/

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

T ] icense, 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 Cre-
ative 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 per-
mitted 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) 2019

SCIENTIFICREPORTS|  (2019) 9:14643 | https://doi.org/10.1038/s41598-019-51063-6


https://doi.org/10.1038/s41598-019-51063-6
http://creativecommons.org/licenses/by/4.0/

	Low-grade glioma harbors few CD8 T cells, which is accompanied by decreased expression of chemo-attractants, not immunogeni ...
	Results

	LGG shows low numbers of T cells that are located perivascularly. 
	LGG and HGG do not show differential expression of neo-antigens nor cancer germline antigens. 
	LGG and HGG harbor an equally diverse TCR-Vβ repertoire. 
	LGG demonstrates decreased expression of T cell chemo-attractants and adhesion molecules. 

	Discussion

	Methods

	Tumor samples. 
	TIL suspensions and flow cytometry. 
	Immunofluorescence and quantitation of T cell numbers. 
	Antigen load. 
	TCR-Vβ sequencing. 
	Real-time qPCR of immune-related genes. 
	Statistics. 

	Figure 1 T cells are less abundant in LGG versus HGG.
	Figure 2 T cells are retained to blood vessels in LGG compared to HGG.
	Figure 3 Neo-antigens nor CGAs are differentially expressed in LGG versus HGG.
	Figure 4 TCR repertoire appears diverse in HGG and LGG, showing no difference in Vβ dominance.
	Figure 5 Decreased gene-expression of T cell trafficking molecules in LGG versus HGG.
	Table 1 Expression of T cell recruitment genes in LGG and HGG.




