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Abstract: Background: Immune evasion in glioblastoma (GBM) shields cancer cells from cytotoxic
immune response. Methods: We investigated CpG methylation in promoters, genes, and pathways
in 22 pairs of formalin-fixed paraffin-embedded sequential (FFPE) GBM using restricted resolution
bisulfite sequencing (RRBS) and bioinformatic analyses. Results: Gene ontology revealed hyper-
methylation in elements of the innate and adaptive immune system when recurrent GBM samples
(GBMrec) were compared to control (CG) and primary GBM samples (GBMprim). Higher methylation
levels of the IL-7 signaling pathway and response to IL-7 were found in GBMrec suggesting a progres-
sive blockade of the IL-7 driven T cell response in sequential GBM. Analyses of the Cancer Genome
Atlas array-based data confirmed hypermethylation of the IL-7 pathway in recurrent compared with
primary GBM. We also quantified DNA CpG methylation in promoter and gene regions of the IL-7
ligand and IL-7 α-receptor subunit in individual samples of a large RRBS-based sequential cohort of
GBM in a Viennese database and found significantly higher methylation levels in the IL-7 receptor
α-subunit in GBMrec compared with GBMprim. Conclusions: This study revealed the progressive
suppression of the IL-7 receptor-mediated pathway as a means of immune evasion by GBM and
thereby highlighted it as a new treatment target.
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1. Introduction

Glioblastoma (GBM) is one of the most severe and lethal primary brain tumors. During
its development, tumor cells accrue somatic genomic rearrangements, mutations, and copy
number alterations that are accompanied by changes in epigenomic and gene expression
profiles [1,2]. The first comprehensive epigenomic analysis used array-based CpG methyla-
tion data to show segregation of GBM into molecular subgroups in overlap with the ones
revealed by integrated genomic and transcriptomic analyses [2,3]. Subsequently, several
targeted or comprehensive epigenomic studies showed differential CpG methylation in
genes of gliomas of various grades and subtypes compared with each other or to non-
tumorous brain tissues. Of particular interest, epigenomic effects of the oncometabolite
2-OH-glutarate were revealed in isocitrate dehydrogenase (IDH) mutant compared with
IDH wild-type gliomas [3,4]. Relatively fewer studies used sequencing for studying differ-
ential methylation in gliomas, particularly in formalin-fixed, paraffin-embedded (FFPE)
tissues that are predominantly available in the clinical setting. In addition, due to the aggres-
sive nature of GBM, information regarding the epigenomic profiles in primary and recurrent
GBM samples is somewhat scarce. In a previous study, relying on the Restricted Resolution
Bisulfite Sequencing (RRBS) technology, we detected several differentially methylated
pathways (DMP) in primary and recurrent FFPE GBM specimens [5]. Subsequently, we
further investigated the most outstanding DMPs, the Wnt and catecholamine pathways,
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by comparing the promoter and gene methylation profiles with protein expression levels
of their elements in the same specimens [6,7]. In the present study, we investigated in
more depth the third-most outstanding DMP, the immune pathways that have not been
previously scrutinized [5]. The reason why we opted to highlight the epigenomic regulation
of immune pathways in progressive GBM pairs is related to several considerations. Mecha-
nisms of immune evasion have been well understood in various tumors, including GBM [8].
However, while immune checkpoint inhibitors or other means of immune therapies have
been quite successful in many cancers [9,10], such approaches have largely failed and the
reason for that is only partially understood in GBM [11]. Molecular engineering, however,
may improve treatment efficacy by incorporating and combining well-selected immune
pathway elements that are suppressed by the tumor. If we can pinpoint some of those
elements that are not only suppressed by the tumor (i.e., by epigenomic regulation) but
may also be beneficially manipulated by novel treatment strategies, we can strengthen the
development of future immune therapies in GBM.

2. Materials and Methods
2.1. Subjects of the Study

After routine histopathological evaluations between 1999 and 2017, the leftover FFPE
GBM samples were archived at the Department of Pathology, University of Pecs. None of
the patients were alive at the time of the initiation of the original epigenomic analyses in
2018–2019 [5]; the histological diagnoses of the obtained tumor specimens were based on the
2016 WHO guideline [12]. As additional immunohistochemical studies were subsequently
also performed and reported on the same tissue specimens [5–7], no sufficient tissue
remained for complementary testing of those molecular alterations (i.e., H3F3A, HIST1H3B,
HIST1H3C, TERT, EGFR-amplification) recommended in the 2021 WHO revision [13].
As Table S1 shows, however, all tumors were late-onset GBMs, and thus mutations in
histone proteins would be very unlikely. The Regional Clinical Research Committee of the
University of Pecs approved the study (Number: 7517 PTE 2018 and 2019) in compliance
with the Code of Ethics of the World Medical Association (Declaration of Helsinki).

2.2. GBM Cohort

The epigenomic cohort included 22 primary (GBMprim) and recurrent (GBMrec) pairs
of IDH-1 R132H mutation-negative GBMs without G-CIMP (glioma CpG island methylator
phenotype) [5]. The rarity of other IDH-1 and IDH-2 mutations and the absence of G-CIMP
make it unlikely that IDH-mutant GBM samples were included in our cohort. GBMprim

samples were obtained from the first surgery, before chemo- and irradiation therapy, while
GBMrec samples were surgically obtained at recurrence, after chemo- and irradiation
therapy. Of the 14 male and 8 female patients, documentation could be accessed for
18 patients receiving temozolomide-based chemo- and irradiation therapy after the first
surgery, while no therapy-related information could be gathered in 4 cases. Table S1
summarizes the patients’ characteristics.

2.3. Control Group

Methylomes of five epilepsy surgery specimens (CG) obtained from the European
Nucleotide Archive [14] (https://www.ebi.ac.uk/ena, Primary Accession: PRJNA391429;
EGAS00001002538 accessed on 17 June 2022) were used as controls in the DNA CpG
methylation analyses in comparisons with GBMprim and GBMrec [5–7].

2.4. DNA Isolation and Bisulfite Sequencing

Details of DNA isolation, library preparation, CpG methylation profiling, and bioin-
formatics analyses have been previously described [5]. In brief, DNA was extracted using
the QIAamp DNA FFPE Tissue Kit (Qiagen GbmH, Hilden, Germany) from sections of
FFPE blocks. Bisulfite-converted libraries were prepared using the Premium Reduced
Representation Bisulfite Sequencing kit (Premium RRBS Kit 24x, Diagenode SA, Seraing,
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Belgium) and sequenced applying the Illumina NextSeq 500/550 High Output Kit v2.5
(75 cycles) on a NextSeq 550 machine (Illumina, San Diego, CA, USA) [5].

2.5. Validation Cohort-1

The TCGA validation cohort included array-based CpG methylation results from
12 pairs of fresh-frozen, IDH wild-type primary and recurrent GBMs tested on the Illumina
Human Methylation 450 arrays [15] (https://portal.gdc.cancer.gov/repository?filters=%7B%
22op%22%3A%22and%22%2C%22content%22%3A%5B%7B%22op%22%3A%22in%22%2C%22
content%22%3A%7B%22field%22%3A%22cases.project.project_id%22%2C%22value%22%3A%
5B%22TCGA-GBM%22%5D%7D%7D%2C%7B%22op%22%3A%22in%22%2C%22content%22
%3A%7B%22field%22%3A%22files.data_category%22%2C%22value%22%3A%5B%22DNA%20
Methylation%22%5D%7D%7D%5D%7D&searchTableTab=cases accessed on 18 December 2019).

2.6. Validation Cohort-2

The second validation cohort included RRBS sequence data from 112 pairs of FFPE
primary and recurrent GBM tumors with IDH-1 wild-type status (https://www.ebi.ac.uk/
ena, Primary Accession: EGAS00001002538, Secondary Accession: PRJNA391429) [14].

2.7. Bioinformatics and Statistics

Bioinformatics analyses of the cohorts are detailed elsewhere [5]. First, a quality control
step by FastQC was carried out, followed by the removal of low-quality bases and adapters
using TrimGalore. The Bismarck program was used to map bisulfite-converted sequences
to the GRCh37 reference genome and to perform methylation calls. The differentially
methylated CpG sites, genes, and pathways were defined by RnBeads. The rank-based GO
(gene ontology) enrichment analysis was conducted in various rankings (e.g., best 100, 500,
1000 and automatic cutoff) in order to compensate for possible sample quality issues.

An in-house-generated R script allowed us to extract and compare DNA CpG methyla-
tion data from the Bismark analysis results within predefined genomic regions, and to plot
the data in the selected regions in individual samples or sample sets. When methylation
levels of our selected markers were quantified in individual samples (complementing the
cohort level analyses), we chose to assess CpG methylation within the promoter + gene
regions instead of only within the promoter regions. The reason for that was related to
the fragmentation of DNA in the FFPE specimens. We observed that analyzing CpG sites
only within the (approx. 2000 bp) gene promoters in our relatively small cohorts could not
provide statistically meaningful outcomes for defining differential methylation [6,7]. The
methylation levels were expressed as percentages where the numerators were calculated
from the numbers of methylated sites (with the degree of methylation also computed
into the figures), and the denominators were the numbers of all CpG sites within the
investigated region, and multiplied by 100.

Differences in methylation levels within promoter + gene regions in pairs of GBMprim

and GBMrec were compared using the Wilcoxon signed rank test, while of those in the CG
and GBMprim or GBMrec samples were tested using the Mann–Whitney U test in the SPSS v.
23.0 package (SAGE, IBM® SPSS® Statistics v23.0).

3. Results
3.1. Differential DNA CpG Methylation of Immune Pathways in Paired GBM and Control
Specimens (Tables 1, S2 and S3)

GO analyses of the bisulfite converted DNA sequences in CG and IDH-wild-type
GBM specimens at initial diagnosis (GBMprim) or at recurrence (GBMrec) revealed several
differentially methylated pathways [5], including various immune pathways, the focus of
the present analyses. We feature here DMP immune elements that have not been previously
reported (Table 1).

https://portal.gdc.cancer.gov/repository?filters=%7B%22op%22%3A%22and%22%2C%22content%22%3A%5B%7B%22op%22%3A%22in%22%2C%22content%22%3A%7B%22field%22%3A%22cases.project.project_id%22%2C%22value%22%3A%5B%22TCGA-GBM%22%5D%7D%7D%2C%7B%22op%22%3A%22in%22%2C%22content%22%3A%7B%22field%22%3A%22files.data_category%22%2C%22value%22%3A%5B%22DNA%20Methylation%22%5D%7D%7D%5D%7D&searchTableTab=cases
https://portal.gdc.cancer.gov/repository?filters=%7B%22op%22%3A%22and%22%2C%22content%22%3A%5B%7B%22op%22%3A%22in%22%2C%22content%22%3A%7B%22field%22%3A%22cases.project.project_id%22%2C%22value%22%3A%5B%22TCGA-GBM%22%5D%7D%7D%2C%7B%22op%22%3A%22in%22%2C%22content%22%3A%7B%22field%22%3A%22files.data_category%22%2C%22value%22%3A%5B%22DNA%20Methylation%22%5D%7D%7D%5D%7D&searchTableTab=cases
https://portal.gdc.cancer.gov/repository?filters=%7B%22op%22%3A%22and%22%2C%22content%22%3A%5B%7B%22op%22%3A%22in%22%2C%22content%22%3A%7B%22field%22%3A%22cases.project.project_id%22%2C%22value%22%3A%5B%22TCGA-GBM%22%5D%7D%7D%2C%7B%22op%22%3A%22in%22%2C%22content%22%3A%7B%22field%22%3A%22files.data_category%22%2C%22value%22%3A%5B%22DNA%20Methylation%22%5D%7D%7D%5D%7D&searchTableTab=cases
https://portal.gdc.cancer.gov/repository?filters=%7B%22op%22%3A%22and%22%2C%22content%22%3A%5B%7B%22op%22%3A%22in%22%2C%22content%22%3A%7B%22field%22%3A%22cases.project.project_id%22%2C%22value%22%3A%5B%22TCGA-GBM%22%5D%7D%7D%2C%7B%22op%22%3A%22in%22%2C%22content%22%3A%7B%22field%22%3A%22files.data_category%22%2C%22value%22%3A%5B%22DNA%20Methylation%22%5D%7D%7D%5D%7D&searchTableTab=cases
https://portal.gdc.cancer.gov/repository?filters=%7B%22op%22%3A%22and%22%2C%22content%22%3A%5B%7B%22op%22%3A%22in%22%2C%22content%22%3A%7B%22field%22%3A%22cases.project.project_id%22%2C%22value%22%3A%5B%22TCGA-GBM%22%5D%7D%7D%2C%7B%22op%22%3A%22in%22%2C%22content%22%3A%7B%22field%22%3A%22files.data_category%22%2C%22value%22%3A%5B%22DNA%20Methylation%22%5D%7D%7D%5D%7D&searchTableTab=cases
https://portal.gdc.cancer.gov/repository?filters=%7B%22op%22%3A%22and%22%2C%22content%22%3A%5B%7B%22op%22%3A%22in%22%2C%22content%22%3A%7B%22field%22%3A%22cases.project.project_id%22%2C%22value%22%3A%5B%22TCGA-GBM%22%5D%7D%7D%2C%7B%22op%22%3A%22in%22%2C%22content%22%3A%7B%22field%22%3A%22files.data_category%22%2C%22value%22%3A%5B%22DNA%20Methylation%22%5D%7D%7D%5D%7D&searchTableTab=cases
https://www.ebi.ac.uk/ena
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Table 1. Differential methylation in innate and adaptive immune pathways, and in the IL-7 initiated pathway in our cohort: this table presents summary data
extracted from the RnBeads GO analyses shown in details in Table S2. For easier review, we here combined the various immune pathway data into three groups:
innate and adaptive immune pathways, and separately show data for the IL-7 initiated pathway. While both hypo- and hypermethylation are seen in the GBMprim

vs. CG, GBMrec vs. CG and GBMrec vs. GBMprim comparisons of the three immune pathways, suggesting intratumor heterogeneity, it is noteworthy that the shift
towards hypermethylation is much more significant during tumor progression.

More Methylated Promoter and/or Gene within Pathways in
the First Cohort Group Compared to the Second (Reference)

Cohort Group
p-Value Range

Less Methylated Promoter and/or Gene within Pathways in
the First Cohort Group Compared to the Second (Reference)

Cohort Group
p-Value Range

GBMprim vs. CG GBMprim vs. CG

Innate immune response (regulation of innate immune response,
positive regulation of interleukin-6-mediated signaling pathway,

positive regulation of macrophage cytokine production)
0.006–0.0084 Innate immune response (immune system development,

regulation of cytokine-mediated signaling pathway) 0.0032–0.0073

Adaptive immune response (regulation of acute inflammatory
response to antigenic stimulus) 0.0084

Adaptive immune response (positive regulation of
CD8-positive-alpha-beta cytotoxic T cell extravasation, B and T

cell receptor signaling pathway, T cell homeostasis, negative
regulation of B cell activation, regulation of

cytokine-mediated signaling)

0.0019–0.0073

Interleukin-7-mediated signaling pathway and response
to interleukin-7 0.0001 Interleukin-7-mediated signaling pathway and response

to interleukin-7 0.0027

GBMrec vs. CG GBMrec vs. CG

Innate immune response (interleukin-6 mediated signaling
pathway and response to interleukin 6, interleukin-11-mediated
signaling pathway, positive regulation of NK T cell activation)

0.0003–0.0092 Innate immune response (positive regulation of myeloid
leukocyte mediated immunity) 0.0023

Adaptive immune response (Interleukin-27-mediated signaling
pathway, T cell differentiation in the thymus,

Interleukin-11-mediated signaling pathway, positive regulation
of T-helper 2 cell cytokine production)

0.0009–0.0059

Adaptive immune response (negative regulation of immature
T-cell proliferation in thymus, positive regultation of

immunoglobulin mediated immune response, immune response
to tumor cells)

0.0051–0.0082

Interleukin-7-mediated signaling pathway and response
to interleukin-7 0 Interleukin-7-mediated signaling pathway and response

to interleukin-7 0.0007

GBMrec vs. GBMprim GBMrec vs. GBMprim
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Table 1. Cont.

More Methylated Promoter and/or Gene within Pathways in
the First Cohort Group Compared to the Second (Reference)

Cohort Group
p-Value Range

Less Methylated Promoter and/or Gene within Pathways in
the First Cohort Group Compared to the Second (Reference)

Cohort Group
p-Value Range

Innate immune response (protection from natural killer cell
mediated cytotoxicity, negative regulation of innate immune

response and cytokine production)
0.0069–0.0097

Innate immune response (negative regulation of cytokine
secretion, susceptibility to and positive regulation of natural

killer cell mediated cytotoxicity, regulation of cell killing, positive
regulation of leukocyte mediated immunity and cytotoxicity,

negative regulation of interleukin-1 alpha production)

0.0006–0.0056

Adaptive immune response (antigen processing and
presentation of endogeneous peptides, CD4-positive or
CD8-positive alpha-beta T cell lineage commitment and

proliferation, positive regulation of T cell mediated immunity,
negative regulation of alpha-beta T cell proliferation)

0.0011–0.0098

Adaptive immune response (regulation of dendritic cell antigen
processing and presentation, T cell homeostasis, regulation of
lymphocyte mediated immunity, T cell mediated cytotoxicity,
positive regulation of humoral immune response mediated by

circulating immunoglobulin)

0.0002–0.0093

Interleukin-7-mediated signaling pathway and response
to interleukin-7 0 Interleukin-7-mediated signaling pathway and response

to interleukin-7 0.0023
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First, looking into differentially methylated pathways based on promoters or genes at
all (100, 500, and 1000) ranks, we detected more methylated immune pathways including
antigen processing and presentation of endogenous peptides, positive regulation of CD4+
and CD8+ alpha-beta T cell proliferation, and negative regulation of NK cell activation
in GBMrec compared with GBMprim. This observation suggests a higher activity of the
adaptive immune response in GBMprim than in GBMrec, possibly related to its progressive
evasion by the tumor or to the immune suppressive effects of chemo- and radiotherapy
(Table S2). However, making the same sequential sample comparisons at the automatic cut
off rank, hypermethylation of the interleukin-7 (IL-7) signaling pathway and response to
IL-7 are also indicated in GBMrec, suggesting that suppression (higher methylation) of the
IL-7-driven T cell maturation and response may be part of the tumor’s progressive immune
evasion or the result of a therapeutic immune suppression. This notion is further supported
by the observation that the IL-7-mediated signaling pathway based on methylation in
either the promoters or genes is significantly suppressed in GBMrec compared with CG
(Tables 1 and S2).

The analysis of the TCGA array-based methylation data also revealed that the IL-7
signaling pathway and responses to IL-7 are significantly more methylated in the recurrent
than in the primary samples of GBM. This consensus in the two data sets is quite remarkable
given the small numbers of sequential GBMs in our cohort (22 pairs) as well as in the TCGA
cohort (12 pairs) (Table S3).

The analyses of hypomethylated pathways also revealed the involvement of innate and
adaptive immune system when GBMprim vs. CG, GBMrec vs. CG, or GBMrec vs. GBMprim

were compared (Tables 1, S2 and S3). Based on the analyses of promoters, lower levels of
methylation in the IL-7-mediated signaling pathway and response to IL-7 were noted in the
GBMrec vs. GBMprim, and in the GBMprim vs. CG or GBMrec vs. CG comparisons, but with
much lower levels of significance than in the hypermethylated pathway comparisons. This
latter finding is likely related to the well-known clonal and biological intratumor heterogeneity
of GBM samples. Curiously, the observations regarding the hypomethylated pathways were
also partly supported by the outcome of TCGA array-based data (Tables 1, S2 and S3).

3.2. Differential Methylation of CpGs in Individual Promoter + Gene Regions of IL-7 and IL-7
Receptor in GBM Cohorts

The differential methylation in the IL-7 pathway in primary and recurrent GBM pairs
of our own cohort and the TCGA cohort in the GO analyses prompted us to assess the
DNA CpG methylation levels in the promoter + gene regions of IL-7 and its receptor (α
subunit) in individual samples over time.

However, this analysis could not reveal differential methylation levels in the afore-
mentioned regions when GBMrec and GBMprim samples were compared to each other or to
the CG samples due to the small size of our FFPE GBM cohort (22 pairs of specimens).

Similarly, the array data from the 12 pairs of TCGA GBM cohort did not provide
sufficient information of CpGs in the investigated IL-7 and IL-7Rα promoter + gene regions
to allow us to obtain reliable statistical outcomes when assessing differential methylation
levels in these regions of individual sample pairs.

Therefore, we looked into the RRBS-based sequence data of 112 primary and recurrent
GBM pairs from the study by Klughammer et al. [16] and statistically tested the differential
CpG methylation in the IL-7 and IL-7Rα promoter + gene regions in individual sam-
ples (https://www.ebi.ac.uk/ena, Primary Accession: PRJNA391429; EGAS00001002538,
accessed on 17 June 2022) [14]. Comparing the 112 GBMrec and GBMprim, we found a
significantly higher methylation level in the IL-7 α-receptor subunit (p = 0.041) in the
GBMrec compared with GBMprim samples in consensus with the above-described GO re-
sults. However, no statistical differences in the methylation levels of IL-7 promoter + gene
regions were detected in the same comparison, suggesting that the differential methylation
in the IL-7 -mediated pathway and in the response to IL-7 detected by GO analyses are

https://www.ebi.ac.uk/ena
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likely related to the differential methylation in the receptor (and possibly its downstream
elements), but not in the ligand.

4. Discussion

In our previous studies, we used the RRBS technology to identify DMPs, and per-
formed simultaneous epigenomic and protein expression analyses for the two most affected
(Wnt and catecholamine) pathways in progressive GBM samples [5–7]. In this study, we
presented the third group of the most differentially methylated pathways, the immune
pathways in longitudinal GBM samples, to highlight a previously not reported DMP, the
IL-7/IL-7 receptor pathway, with significant practical relevance.

In contrast to other solid tumors, treating GBM with immunotherapies is more chal-
lenging because of the blood–brain barrier, the high degree of intra- and inter-tumor
heterogeneity, and the complexity of the tumor’s microenvironment (TME) that signifi-
cantly contributes to immune evasion. Mechanisms of immune evasion in GBM include the
tumor’s and TME’s expression of inhibitor proteins targeting CD4+ and CD8+ T cells, B and
NK cells, the recruitment of immunosuppressive regulatory T cells and myeloid-derived
suppressor cells, as well as the production of immunosuppressive cytokines that induce
rapid T cell exhaustion and reduced T cell survival [8,10,11,17]. Epigenetic regulation in
the tumor and the TME, but also in the infiltrative immune cells during the initial and
progressive stages of gliomagenesis contribute to mechanisms of immune evasion. It is
worth adding that infiltration by immune cells in GBM is typically moderate or scarce, as
it was in the majority of our samples [5]. Several research groups have sought to develop
an effective immune strategy to circumvent the GBM cells’ immune escape mechanisms.
After the disappointing outcome of early growth factor receptor inhibition strategies, the
newer approaches include immune checkpoint inhibitors, modulation of tumor infiltrating
lymphocytes (TILs), and most recently, the engineered chimeric antigen receptors (CAR)
carried by thymocytes (T) and natural killer (NK) cells [10,11]. Significant efforts have been
made to equip tumor-infiltrating CAR-T cells with various interleukins to prolong their
persistence and to enhance therapeutic efficacy against solid tumors [16]. The optimal T cell
activation requires 3 main signals: 1: T- receptor activator; 2: co-stimulation; and 3: immune
stimulatory cytokines, which are also considered in some forms of complementation in
CAR T cell development [18,19].

Our GO analyses revealed significantly more methylation in pathways of the innate
and adoptive immune system including different types of interleukins (e.g., 3, 7, 15, and 23)
in the GBMrec compared with GBMprim samples. While epigenetic regulation contributing
to immune evasion is a well described mechanism in GBM [20], increasing methylation of
CpGs of relevant genes in progressive tumor samples has not been previously highlighted
according to the literature. More importantly, higher methylation in the IL-7 signaling
pathway and response to IL-7 were among the most prominent and novel observations
when we compared GBMrec samples to GBMprim, and GBMrec samples to CG both in
our own and in the TCGA validation cohorts. These previously unreported observations
suggest a progressively increasing methylation, and thus, likely a gradual expression
suppression in the IL-7 pathway when comparing CG, GBMprim, and GBMrec (Table 1,
Figure 1). IL-7 is a cytokine primarily produced by stromal and dendritic cells, but also by
some neurons and glial cells in the central nervous system (Figure 1) [21].
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Figure 1. Physiological mechanisms, suppression, and potential therapeutic targeting of the IL-7-
initiated pathway in GBM: the figure details (A) the normal mechanisms of action [22], (B) cell groups
affected by epigenetic suppression, and (C) therapeutic utility of the IL-7R pathway in GBM [18,19,23].

The IL-7 receptor is a heterodimer consisting of an α and a common gamma chain
subunit [24]. The engagement of the receptor pathway contributes to T and B cell develop-
ment and to the survival of tumor-infiltrating T cells [21,25,26]. The DMP of IL-7 signaling
and response in the primary and recurrent GBM pairs and in the CG group prompted us
to evaluate the DNA CpG methylation levels in the promoter + gene regions of IL-7 and
its receptor (α subunit) in individual samples. (We omitted the analysis of the γ receptor
subunit since it is encoded on the X chromosome). While in our small cohort there were
22 pairs of FFPE samples and in 12 pairs the even smaller cohort of fresh-frozen TCGA
samples, we had no power to test differential methylation of CpGs in the investigated
regions in individual samples; we had access to the RRBS results of a larger cohort of
112 GBMprim and GBMrec by Klughammer et al. [16], where we detected a significantly
higher methylation level in the IL-7 α-receptor subunit, but not in the IL-7 promoter + gene
regions in the GBMrec compared to GBMprim samples. Altogether, these results underscore
the increasing methylation in the IL-7 -mediated pathway and response to IL-7 involving
the IL-7 receptor (and possibly its down-stream signaling elements) in progressive GBM
(Figure 1). Determining whether the increasing methylation and likely expression suppres-
sion of the ILR-7 α- subunit is part of the tumor’s intrinsic mechanisms to avoid immune
attacks, or the effect of chemo- and irradiation therapy, requires further in vitro analyses.
Nevertheless, the progressive methylation of this key immune pathway may certainly be
an important element of T cell inhibition, a finding previously not established by molecular
analyses of GBM specimens.
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Patients with GBM are generally treated according to the Stupp protocol often asso-
ciated with significant hematologic toxicity and the development of TMZ resistance over
time. Although molecular engineering may succeed to overcome these obstacles, these
strategies are still in experimental stages [27]. Clinical immune therapies have mostly
followed strategies successful in solid tumors outside of the brain, and largely have failed
in GBM. Therefore, highlighting a key pathway in immune response that is epigenetically
suppressed in ex vivo human GBM samples may serve more efficient development of
biological therapies in the future. IL-7 has been identified as a key cytokine in the com-
pensatory reaction to declining lymphocytes [28,29]. While exogenous administration of
IL-7 could elevate the CD4+ and CD8+ T-cell counts, higher doses of this cytokine are
associated with significant toxicity [30]. Therefore, manipulating the IL-7 receptor and its
down-stream pathway may be more rewarding.

The importance of IL-7 signaling for sustaining CAR-T cell activity against solid tu-
mors has been recognized, and led to the engineering of a constitutively active IL-7 receptor
to enhance the adoptive CAR-T cell immunotherapy [31]. The applications of the C7R
construct to GD2-CAR T cells and EphA2-CAR T cells effectively targeting metastatic neu-
roblastoma and orthotopic GBM in animal models, respectively, are particularly attractive
since these approaches do not necessitate an external administration of IL-7 with potential
debilitating cytotoxicity [18,19].

In another strategy, IL-7-loaded oncolytic adenoviruses (oAD-IL7) were used in vivo
to improve the effectiveness of B7H3-CAR-T cell therapy by enhancing T cell persistence,
which led to prolonged survival of the GBM tumor-bearing mice. This virus construct
(oAD-IL7) in vitro also successfully infected all GBM cell lines, and induced apoptosis of
tumor cells [23].

While our finding primarily suggests development of immune strategies enhancing
the IL-7 receptor mediated pathway to diminish immune evasion in GBM, early results
from other cancer treatment paradigms offer further possibilities. Selective epigenetic
manipulation of target genes such as oncogenes and tumor suppressor genes has been
promising in several tumors [32,33]. Epigenetic changes altering expression of interleukins
or their receptors are known to be associated with diseases, which may be therapeutically
modulated by targeting histone modification, DNA CpG methylation, or microRNA and
long non-coding RNA molecules [34]. To our knowledge, similar strategies have not been
reported, but may also be plausible to consider regarding the IL-7/IL-7 receptor pathway
in GBM. As numerous mutations and epigenetic alterations collaborating with the IL-7
receptor signaling pathway have been identified in acute lymphoblastic leukemia, the IL-7
receptor interactome may also be of interest for advancing new treatment development
in GBM [35]. Monitoring effectiveness of newer therapeutic interventions will also be of
key importance, and may involve the inclusion of well-characterized biomarkers for liquid
biopsy in addition to more traditional clinical and paraclinical measures [36].

Since our study involved FFPE human GBM samples, and the complementary analyses
of array-based or sequence-based methylome data of databases were also derived from
frozen or FFPE human gliomas, functional experiments with target manipulation remain to
be conducted in the future. Nevertheless, the finding presented here is novel and strengthen
concepts for new treatment development.

In conclusion, our study emphasizes the progressive suppression of the IL-7 pathway
by CpG methylation in sequential GBM, suggesting that this mechanism may play a key
role in immune evasion and supports its targeting by the engineering of novel immune
therapies (Figure 1).

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biomedicines10092174/s1, Table S1. Patients’ characteristics: This table
summarizes gender, age distribution (mean and median with interquartile rage values) and treatments
of patients included in the study. Table S2. GO data from RnBeads of our own cohort of GBMprim,
GBMrec and CG: This table captures differential methylation in immune pathways by GO analyses
selecting either gene or promoter data and comparing GBMprim to CG, GBMrec to CG, and GBMrec

https://www.mdpi.com/article/10.3390/biomedicines10092174/s1
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to GBMprim. Table S3. GO data comparing primary and recurrent GBM in the TCGA database: This
table presents differential methylation in immune pathways by GO analyses selecting either gene or
promoter data and comparing recurrent to primary GBM in the TCGA database.
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