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Glioma stem cells (GSCs) drive the resistance mechanism in glioma tumors
and mediate the suppression of innate and adaptive immune responses.
Here we investigate the expression of mesenchymal-epithelial transition
factor (c-Met) and Fas receptor in GSCs and their role in potentiating
the tumor-mediated immune suppression through modulation of tumor
infiltrating lymphocyte (TIL) population. Tumor tissues were collected from
4 patients who underwent surgery for glioblastoma. GSCs were cultured as
neurospheres and evaluated for the co-expression of CD133, c-Met and FasL
through flow cytometry. TILs were isolated and evaluated for the lymphocyte
subset frequencies including CD3 +, CD4 4+, CD8 +, regulatory T cells
(FOXP3 + CD25) and microglia (CD11b + CD45) using flow cytometry. Our
findings revealed that a significant population of GSCs in all four samples
expressed c-Met (89-99%) and FasL (73-97%). A significantly low microglia
population was found in local immune cells ranging from 3 to 5%. We
did not find a statistically significant correlation between expressions of
c-Met + GSC and FasL + GSC with local and systemic immune cells. This may
be regarded to the small sample size. The percent c-Met + and FasL + GSC
population appeared to be related to percent cytotoxic T cells, requlatory T
cells and microglia populations in glioblastoma patients. Further investigation
is warranted in a larger sample size.

glioma stem cells, glioblastoma, tumor immune response, systemic immune
response, tumor microenvironment
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Introduction

Glioblastomas are thought to be immunologically cold
tumors and poorly infiltrated by immune cells (Weenink
et al,, 2020). Patients with glioblastoma are shown to be
immunosuppressed both locally and systemically (Dix
et al, 1999; Waziri, 2010). Several mechanisms such as
hypoxia, immunosuppressive cytokine production, reduced
T-cell proliferation, and effector response, activation of
FoxP3 + regulatory T (Treg) cells and myeloid-derived
suppressor cells (MDSC) mediate the immunosuppression
in glioblastoma (Mirghorbani et al, 2013; Razavi et al,
2016). The
immunosuppression in patients with glioblastoma shows that
tumor cells suppress lymphocyte proliferation and interleukin-6
(IL-6) production via secreting prostaglandin E2 (PGE2)
and transforming growth factor-p2 (TGEF- f2) (Parney, 2012;

current understanding of tumor-mediated
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Rolle et al., 2012). The majority of tumor-infiltrating immune
cells are constituted by microglia, which are central nervous
system (CNS) resident macrophages. Glioblastoma tumors
recruit immunosuppressive tumor-associated macrophages
(TAM) in the tumor microenvironment (Wu et al,, 2010).
These M2-TAMs play a tumor-promoting role and enhance
neovascularization in glioblastoma tumors (Pyonteck et al,
2013).

C-Met is a receptor tyrosine kinase that promotes cell
proliferation and migration in gliomas (Abounader and Laterra,
2005). Joo et al. demonstrated that GSCs express high levels of
c-Met and substantiate its functional requisite for maintaining
the stemness in GSC (Joo et al., 2012). Several studies suggest
that c-Met activation drives immune evasion by induction of
T-cell tolerance and impairment of dendritic cell functions
(Okunishi et al., 2005; Benkhoucha et al., 2010). Thus, inhibition
of c-Met enhances the mobilization of reactive neutrophils in
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the tumor microenvironment and subsequently improves the
response to immunotherapy (Glodde et al., 2017). Identifying
the factors that facilitate the c-Met-driven immune evasion
would help develop more effective immunotherapies against
GBM.

The Fas-FasL system is crucial in suppressing inflammation
in a normal healthy brain (Taylor, 1996; Neumann, 2000).
Fas-FasL-mediated apoptosis maintains T-cell development,
selective autoreactive B-cell deletion, and regulates CD8™ T cells
and NK cells (Rouvler et al., 1993; Russell et al., 1993; Ramsdell
et al,, 1994; Rathmell et al., 1995; Volpe et al., 2016). Malignant
brain tumors, including glioblastoma, neuroblastoma, and
medulloblastoma, express Fas and FasL. Interestingly, FasL
expressing brain tumor cells can induce apoptosis in tumor-
infiltrating immune cells and evade host immune response
(Céfai et al., 2001; Didenko et al., 2002).

With this report, we investigated the role of c-Met and
FasL in modulating the local and systemic immune system
response in patients with glioblastoma. We hypothesized that
the expression of c-Met and Fas on GSCs might be correlated
with immunosuppressive immune cell subsets in the local and
systemic immune systems of patients with glioblastoma.

Materials and methods

Patients’ data

Patients who underwent surgery for primary glioblastoma
were included in this study. All patients were treated
with standard surgical resection and radiation therapy
with concurrent temozolomide treatment. Patients with
recurrent tumor and those who received previous radiation
or chemotherapy were excluded. The patients’ characteristics,
including age, sex, Karnofsky performance status (KPS),
histology of tumors, and tumor volume, were retrospectively
reviewed. Also, matched healthy controls were enrolled to
investigate the difference in circulating lymphocyte subset
frequencies between healthy controls and glioblastoma patients.
All the methodology implemented in the study was as per
Helsinki’s world medical association declaration guidelines. The
Ethical Committee of Bezmialem Vakif University approved the
study (Ethical no. 2019-6/14).

Glioma stem cells isolation and culture

Resected tumor tissues were transferred to the research
laboratory. Tumor tissues (200-500 mg) were minced using
a sterile surgical blade and then enzymatically digested using
liberaseTM (Roche, South San Francisco, USA) 0.2 unit/ml
in 10 ml RPMI-1640 for 30 min at 37°C. Then the tumor
tissue was washed with 20 ml RPMI-1640 medium to remove
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surrounding blood and was homogeneously divided into two
pieces for GSCs isolation and tumor-infiltrating lymphocytes
(TILs) isolation. After washing, the digested tumor tissues were
subjected to RBC lysis to remove the remaining blood cells. Later
the tumor tissue digest was strained through a 100 pm strainer
followed by a 40 wm strainer. The strained cells were cultured
in a neurosphere culture medium composed of Dulbecco’s
modified Eagle’s medium/F-12 mediums supplemented with
1% antibiotics, B27 growth factor and 20°ng/ml each of
fibroblast growth factor (FGF-2) (Sigma, USA) and epidermal
growth factor (EGF) (Sigma, USA). Cultures were maintained
at standard growth conditions and observed for neurosphere
development. Neurospheres were confirmed for the expression
of stem cell markers CDI133-FITC, and Nestin-DAPI (BD
Biosciences, USA) through immunofluorescence using Cytation
5 (BioTek, USA).

Peripheral blood mononuclear cells
isolation

Peripheral blood samples were collected from patients on
the day of surgery before tumor removal and from matched
healthy control in heparin blood collection tubes (Greiner
Bio-one, Kremsmiinster, Austria). PBMCs were isolated using
Histopaque density gradient centrifugation at 2,100 rpm for
25 min. Isolated PBMCs were resuspended in phosphate buffer
saline (PBS) and prepared for flow-cytometry analysis to
determine the subpopulation of immune cells.

Flow cytometry for glioma stem cells

The samples were analyzed using flow cytometry (S3¢™
Cell Sorter BioRad, Germany). Neurospheres were washed and
blocked with 3% Bovine Serum Albumin for 1 h. Then the
cells were fixed with 4% paraformaldehyde and permeabilized
with Tween 20 (0.05%). Finally, the stem cells were co-stained
with CD133-FITC, Nestin-DAPI (BD Biosciences, USA), FasL
(Biolegend, USA) and c-Met (Thermo Fischer Scientific, USA),
and incubated in the dark for 2 h at room temperature. Later,
the samples were incubated for 2 h at room temperature with a
fluorochrome-tagged secondary antibody.

Tumor infiltrating lymphocyte isolation

Tumor infiltrating lymphocyte (TIL) isolation from tumor
tissues was performed using Ficoll-Paque density-based
separation as previously described (Tan and Lei, 2019). Tumor
tissues were mechanically minced using a sterile surgical
blade and strained through a 70 wm cell strainer. Later 10°ml
RPMI-1640 medium was added cells pellet, followed by
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carefully adding 3°ml Ficoll-Paque medium to the bottom of
the same tube using a serological pipette. This density gradient
suspension was centrifuged at 1,250 g for 20 min at 20°C. The
white layer of mononuclear cells formed at the intersection is
carefully removed and resuspended in phosphate buffer saline
(PBS) and prepared for flow-cytometry analysis to determine
the subpopulation of immune cells.

Immunophenotyping of immune cells

Immune subset frequencies in PBMCs and TILs samples
were evaluated by flow cytometry. The PBMCs and TILs were
stained with fluorochrome-tagged antibodies from Biolegend.
All samples were blocked with 3% bovine serum albumin for
30 min at room temperature. Antibodies were added as per
manufacturer’s recommendation for T lymphocytes (CD3™),
cytotoxic T lymphocytes (CD3+ CD8™), T helper lymphocytes
(CD3% CD4™), T regulatory (Treg) (CD25 + FOXP3) and
microglia (CD11b + CD45) and incubated overnight at 4°C in
dark. Later, Fas (Biolegend, San Diego, USA), FasL (Biolegend,
San Diego, USA), and c-Met (Thermo Fischer Scientific, USA)
antibodies were added and samples were incubated for 2 h. To
detect T reg cells, samples were fixed and permeabilized using
FOXP3 Fix/Perm Buffer (Biolegend, USA) and the samples were
incubated at 4°C overnight in the dark. All the samples were
analyzed using flow cytometry.

Results

Glioma stem cells expressed high
levels of c-Met and FasL

Four patients who underwent surgical resection for
glioblastoma were reviewed. Patients’ characteristics were
presented in Table 1. Four patient tumor-derived neurospheres
were generated and tested for the expression of stem cell markers
CD133 and Nestin (Figure 1). The single-cell suspension of
neurospheres were analyzed for the dual expression of CD133
with c-Met and FasL through flow cytometry. The average
percentage of c-Met was 95.9% (range 89-99%) and FasL 88.9%
(range 97.8-73.6%) in CD133 positive GSCs.

c-Met and FasL expression on glioma
stem cells modulate the local immune
response in tumor microenvironment

Tumor infiltrating lymphocyte (TILs) obtained from
glioblastoma patient’s tumor specimens (n = 4) were evaluated
for the presence of CD4", CD8*, T reg (CD25+ FOXP3),
and microglia (CD11b + CD45), through flow cytometry. As
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depicted in Figure 2A, the highest average percent population
62.56% (range 67-58.15%) was of CD47 cells, followed by,
36.82% (range 42.85-31.72%) of CD8™, 20.50% (range 24.1-
15.22%) of T reg cells and 4.25% (range 5.26-3.2%) of microglia.

Since the sample size was small to reach a statistically
significant conclusion, the correlation between GSCs expressing
c-Met and FasL (CD133 + c-Met and CD133 + FasL) with
TILs was assessed by comparing trends in multivariable plots.
The CD4*" TIL population presented an inverse relation with
the CD133" c-Met GSCs except for GSC 29 sample. On the
contrary, they were directly related to the CD133" FasL GSCs
(Figures 2B,C). The sample size was small to reach a statistically
significant conclusion.

Collectively comparing the trend in all samples, the highest
percentage of CD133" c-Met GSCs and CD8" TIL were
found in GSC21. Moreover, in samples GSC19, GSC28, and
GSC29, the number of CD133" c-Met and CD8™ TIL decreased
consistently. This trend indicates CD8" TIL population seemed
to be directly related to the CD133™" c-Met GSCs (Figure 2D. On
the other hand, CD133% FasL GSCs were high and CD8* TIL
was low in the GSC21 sample, a similar pattern was observed
in all samples. This indicates an inverse relation between
CD1337" FasL GSCs and CD8* TIL (Figure 2E. However, this
trend was opposite for CD8T TIL expressing c-Met and Fas
(CD8* ve c-Met TIL and CD8" ve Fas TIL) compared with
GSCs CD133" c-Met and CD133" FasL GSCs populations
(Figures 2F,G). The CD8' ve c-Met TIL frequencies were
inversely related with GSCs, CD133" c-Met. On the other
hand, CD8%" ve Fas TIL frequencies were directly related to
CD133" FasL GSCs populations.

Treg TIL population seems to be inversely related to the
CD133% c-Met GSCs population except for GSC 29 sample;
however, they were directly related to the CD133" FasL GSCs
population (Figures 2H,I). The microglia (CD11b + CD45)
population seemed inversely related to CD133" c-Met GSCs
except for sample GSC 21. On the other hand, they were directly
related to the CD133" FasL GSCs population (Figures 2J,K).

c-Met and FasL expression on glioma
stem cells modulate peripheral
circulating immune cells

Similarly, to assess the correlation between the expression
of c-Met and FasL on GSCs with peripheral circulating
immune cells, PBMCs of the same glioblastoma patients and
healthy controls were evaluated for CD4t, CD8™1, and T reg
(CD25 + FOXP3) through flow cytometry. Results showed that
baseline expression of CD8% (35.24%) and T reg (15.12%)
cells was significantly higher in patients with glioblastoma
compared to healthy controls (18.05 and 1.67% respectively)
(Figure 3A). However, there was no significant difference in the
CD4* lymphocyte population.
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TABLE 1 Characteristics of patients who underwent surgical resection for glioblastoma.

Characteristic Patient 1 Patient 2 Patient 3 Patient 4
Age, years 59 70 65 66
Gender Male Male Male Female
Pathology Glioblastoma Glioblastoma Glioblastoma Glioblastoma
IDH status Wwild wild Wwild wild
Location Occipital Parietal Temporal Occipital
Tumor volume (cm?) 137.7 82.6 41.8 109.3
Radiotherapy Yes No Yes Yes
Chemotherapy Yes No Yes Yes
PFST (months) 9 n/a 17.5 4
Overall survival time (months) 13.5 1* 18.5 18

*Patient 2 deceased due to pulmonary embolism, a non-tumoral reason. IDH, Isocitrate dehydrogenase; PFST, Progression free survival time; n/a, Not applicable.

Phase contrast

GSC isolation
through enzyme
digestion method

Tumor specimen

GSC 28

GSC 29

FIGURE 1

Nestin

CD133-Nestin Merged

Fluorescent images of ex vivo neurosphere cultures of glioma stem cells isolated from tumor specimens; GSC19, GSC21, GSC28, and GSC29

co-stained for stem cell markers Nestin and CD133

The CD41 PBMC population presented an inverse relation
with the CD133" c-Met GSCs population except for GSC
29 sample. On the contrary, they were directly related to
the CD133" FasL GSCs population (Figures 3B,C). The
CD8* PBMC population seemed to be inversely related to
the CD133% c-Met population except for GSC 29 sample,
whereas it was directly related to CD133% FasL GSCs population
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(Figures 3D,E). Moreover, the CD8t PBMC expressing c-Met
and Fas (CD8% ve c-Met PBMC and CD8" ve Fas PBMC)
were found to be inversely related with CD133% c-Met and
CD133" Fas-L GSCs population (Figures 3EG). T reg PBMCs
were inversely related to the CD133" c¢-Met GSCs population
except for GSC 29 sample; however, they were directly related to
the CD133™ Fas GSCs (Figures 3H,]I).
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FIGURE 2

Glioma stem cells modulate the tumor infiltrating lymphocyte (TIL) population in glioblastoma tumors. (A) The average percentage of immune
cell subsets in TILs. The correlation between GSC expressing c-Met and FasL with TIL subset population was evaluated through multivariable
plots; (B) CD133* c-Met-GSCs were inversely related to CD4" -TIL (C) CD133* FasL-GSCs were directly related to CD4" -TIL.

(D) CD133" c-Met-GSCs were directly related to CD8F -TIL. (E) CD133* FasL-GSCs were inversely related to CD8F -TIL.

(F) CD133" c-Met-GSCs were inversely related with CD8* ve c-Met-TlLs. (G) CD133* FasL-GSCs were directly related to CD8* ve Fas-TILs.
(H) CD133" c-Met-GSCs were inversely related to T reg-TIL (I) CD133*" FAS-L-GSCs were directly related to T reg-TIL. (J) CD133+ c-Met-GSCs
were inversely related to Microglia (K) CD133* FasL-GSCs were directly related to Microglia.

Tumor infiltrating lymphocyte and
peripheral circulating immune cells in
glioma patients are correlated

The trend in the immune cell subsets in TILs and PBMC
was evaluated. Results showed that the percent frequency
of CD4" TIL was directly related to the CD4" PBMC
percent frequency (Figure 3J). On the contrary, the percent
frequencies of CD8' TIL and T reg-TIL were inversely related
to percent frequencies of peripheral CD8™ and peripheral T reg,
respectively (Figures 3K,L).
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Discussion

Our findings suggested that the expression of c-Met
and FasL on patient-derived GSCs could be associated with
the immunomodulation in the tumor microenvironment for
glioblastoma patients. The correlation between c-Met and FasL
expressing GSCs with frequencies of CD8T, CD4™, T reg TILs,
and microglia confirms the association between GSCs in the
immune suppressive phenotype of glioblastoma tumors.

Glioblastoma is one of the most aggressive and infiltrative
tumors, and even after surgery and postoperative concomitant
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FIGURE 3

Glioma stem cells were linked with a systemic immunosuppressed phenotype of glioblastoma patients. (A) The immune cell frequency
distribution in glioma patients and healthy controls. (B) The CD4" PBMCs displayed inverse relation with CD133* c-Met-GSCs except for GSC
29 sample. (C) CD4* PBMCs were directly related to CD133* FasL-GSCs. (D) The CD8* PBMCs were inversely related to CD133" c-Met GSCs
except for GSC 29. (E) The CD8* PBMCs are directly related to CD133" FasL-GSCs. (F) CD8* ve c-Met-PBMC were inversely related to

CD133* c-Met-GSCs. (G) CD8* ve Fas-PBMC were inversely related to CD133" Fas-L-GSCs. (H) T reg PBMCs were inversely related to

CD133" c-Met-GSCs except for GSC 29. (I) T reg PBMCs were directly related to the CD133* Fas-GSCs. (J) CD4* TIL was directly related to the
CD4* PBMC. (K) CD8* TIL were inversely related to CD8* PBMC. (L) T reg-TIL was inversely related to T reg PBMC. **p < 0.01 represent

significant difference compared between patients and healthy control.

radiotherapy and chemotherapy have provided survival benefits,
the patient prognosis remains poor (Stupp et al, 2005).
Although immunotherapies such as immune checkpoint
blockers have shown significant success in several tumors,
but have not proven to be very successful in glioblastoma
(Antunes et al., 2020). These therapeutic failures can be
regarded as the heterogeneous nature of glioblastoma. Several
recent studies have explained the role of GSCs in driving the
resistance mechanisms in glioblastoma tumors (Ma et al., 2018;
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Khan et al.,, 2021). Thus, investigating the TILs in the tumor
microenvironment and their association and correlation with
tumor cells, especially GSCs, is crucial for designing novel
therapeutics. Although few studies have started to emerge that
attempted to evaluate the role of TILs in the pathology of glioma
tumors, there is no study explaining the association between
GSCs and TILs in glioblastoma tumors.

Thus, for the first time, in the present study, we showed
that c-Met and FasL antigens expressed on patient-derived GSCs
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were associated with TIL populations as well as peripheral
circulating immune cells. We showed that a large population
of GSCs expressed c-Met and FasL antigens. The TILs from
glioblastoma tumor specimens showed a high CD4™" population
accompanied by a low CD8' TIL population, which was
consistent with the previous study by Han et al. (2014). The
expression of CD4™T cells is explained as a double-edged sword
in immunological evaluations. On one side, CD4" T cells are
crucial for the activation and functioning of CD8" cells. On
the other hand, CD4" T reg cells suppress the antitumor
immune response (Han et al,, 2014). We showed that patients
with glioblastoma displayed an immunosuppressive phenotype,
both local and systemic immune responses. We observed an
inverse relation when we compared the c-Met expressing GSCs
population with all CD4™ cells and T reg TILs separately.

Moreover, CD8" TIL frequencies were directly related
to c-Met expression on GSCs. These findings suggest that
c-Met expression on GSCs did not indicate its association
with the total CD8* TIL population. As previously indicated,
c-Met on tumor cells can act as a tumor-associated antigen
(TAA) and elicit a CD8" mediated antitumor response
(Kumai et al.,, 2015). Unlike our results, c-Met is also shown
to induce a decrease in interleukin-17 (IL-17) lymphocytes
and increased T reg lymphocytes, IL-10 production, and
transforming growth factor-beta (TGF-B) along with a reduction
in CD8" lymphocyte (Okunishi et al., 2005; Benkhoucha et al,,
2010). The CD8™ ve c-Met lymphocytes have been shown to
produce high levels of interferon-y (IFN- y) and granzyme
(Benkhoucha et al, 2020). Very recently, Parmigiani et al.
have explained the role of IFN-y in immune suppressive
tumor environment in glioma tumors (Parmigiani et al., 2022).
Thus, we investigated CD8™ ve c-Met TILs correlation with
GSCs expressing c-Met, and an inverse relation was found
between these populations. These results indicate that c-Met
expressing cells may not modulate all CD8" lymphocyte
populations but can mediate an immunosuppressive phenotype
through modulating the CD8" lymphocyte positive for c-Met
expression. Possibly, IFN-y secreted by CD8' lymphocyte
positive for c-Met may mediate the immune suppression
mechanism. It is crucial to unravel the molecular mechanism
underneath; it may be mediated through the hepatocyte
growth factor (HFG) or by the interplay of cytokines in the
microenvironment.

It is well-known that several malignant brain tumors,
including glioblastoma, present high expression of FasL
(Benkhoucha et al., 2020; Parmigiani et al., 2022). In
concordance with these studies, we showed that a high
population of GSCs expressed FasL. Moreover, our findings
showed that FasL expressing GSCs population was inversely
related to CD8" lymphocyte frequencies; on the other hand
directly correlated with Fas expressing CD8" lymphocytes. It
is explained that FasL on tumor cells can induce apoptotic
mediated cell death of immune cells through complexing with
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Fas receptor on immune cells, ultimately leading to immune
evasion (Céfai et al, 2001; Didenko et al., 2002). Thus we
evaluated CD8*1 lymphocytes for expression of Fas receptor,
and we found that they were directly correlated in three
patients suggesting that they mediate the reduction in the
cytotoxic CD8™ lymphocyte population. Further supporting our
hypothesis, FasL expressing GSCs seemed to mediate immune
suppression through Fas receptors on CD8' lymphocytes.
However, further evaluation is warranted to confirm the
mechanism.

Microglia are the main effector immune cell population
in the central nervous system (CNS) and constitute a major
portion of the TIL population in CNS malignancies (Choi et al.,
2001). Badie et al. showed that high expression of FasL in the
murine intracerebral tumor was mediated through the microglia
population, which further contributes to immunosuppression
in the tumor site (Choi and Benveniste, 2004). Moreover, it is
known that microglia can induce apoptosis in Fas expressing
T lymphocytes (Badie and Schartner, 2000). Concurring with
these studies, our findings showed that the expression of FasL
GSCs was directly related to microglia TIL populations. We
suppose that FasL expressing GSCs could induce the FasL
expression in microglia, as previously described by Badie et al. in
murine intracerebral tumors, and the FasL expressing microglia
mediate apoptosis in CD8™ lymphocytes (Badie et al., 1999).

Furthermore, it is reported that c-Met expressing glioma
tumors display an increased population of microglia (Badie
et al, 2001). Supporting this notion, our findings indicated
that c-Met expression on GSCs is directly correlated with the
microglia population, suggesting that GSCs expressing c-Met
may recruit microglia to the tumor site. However, it would have
been better to evaluate the M1 and M2 populations to evaluate
the tumor-associated macrophages to get a clearer picture of
immunosuppression in the tumor site.

The TIL population in glioblastoma has been documented
for their prognostic values in predicting the clinical outcome
of patients (Frigerio et al., 2000; Han et al, 2014). Several
studies have reported peripheral effector immune cells
expressing tumor-associated antigens (Brooks et al., 1978).
Here we showed that TIL population, including CD4" and
T reg lymphocytes, were directly related to peripheral
circulating CD4" and T lymphocytes,
their prognostic importance. The CD8' TIL lymphocytes

reg suggesting
were inversely associated with the peripheral circulating
CD8™" lymphocytes, possibly due to GSC-mediated reduction
in the CD8™ cells.

The study has a few limitations, such as; low GSC samples,
which limits the study statistically. It can be explained as it is
well-known that the chances of GSC neurosphere development
from each tumor specimen are meager. We processed a notable
number of tumor tissues from 29 patients with glioblastoma, but
we only found neurosphere growth in four samples. Secondly,
the study limits in a mechanistic aspect of evaluation. It is crucial
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to understand better the underlying molecular mechanism
of FasL and c-Met mediated immunosuppression by GSCs
in glioblastoma.

Following the lead from these preliminary finding, it stands
out that in future studies fewaspects can be taken in account for;
(1) evaluation of the link between CD8™ ve c-Met and cytokine,
(2) The association between the M1 and M2 macrophages and
c-Met and FasLT ve GSCs, and (3) The mechanism of GSC
expressed FasL and lymphocyte Fas receptor complex mediated
immunosuppression in glioblastoma.

In conclusion, our findings suggested that the expression of
c-Met and FasL on patient-derived GSCs could be associated
with the immunomodulation in the tumor microenvironment
for glioblastoma patients. However, a cohort study with a larger
sample size investigating the molecular mechanism is warranted
to support these preliminary findings.

Data availability statement

The original contributions presented in this study are
included in the article/supplementary material, further inquiries
can be directed to the corresponding author.

Ethics statement

The studies involving human participants were reviewed
and approved by Bezmialem Vakif University Ethics Committee.
The patients/participants provided their written informed
consent to participate in this study.

Author contributions

MH: draft revised and edited, study conception, and design.
IK, SM, EE, BK, and HK: perform all the experiments. IK: write

References

Abounader, R., and Laterra, J. (2005). Scatter factor/hepatocyte growth factor
in brain tumor growth and angiogenesis. Neuro. Oncol. 7, 436-451. doi: 10.1215/
$1152851705000050

Antunes, A. R. P., Scheyltjens, 1., Duerinck, J., Neyns, B., Movahedi, K.,
and Van Ginderachter, J. A. (2020). Understanding the glioblastoma immune
microenvironment as basis for the development of new immunotherapeutic
strategies. Elife 9:¢52176. doi: 10.7554/eLife.52176

Badie, B., and Schartner, J. M. (2000). Flow cytometric characterization of
tumor-associated macrophages in experimental gliomas. Neurosurgery 46, 957
962. doi: 10.1227/00006123-200004000-00035

Badie, B., Schartner, J., Klaver, J., and Vorpahl, J. (1999). In Vitro Modulation
of Microglia Motility by Glioma Cells Is Mediated by Hepatocyte Growth

Factor/Scatter Factor. Neurosurgery 44, 1077-1082. doi: 10.1097/00006123-
199905000-00075

Frontiers in Molecular Neuroscience

10.3389/fnmol.2022.1029657

the first draft of the manuscript. KA and AS: collection of patient
samples, patient data, consent forms, and statistical analysis. All
authors contributed to the study, read, and approved the present
version of the manuscript.

Funding

This research was funded by Bezmialem Vakif University,
Turkey (Grant numbers: BAP-4.2019/26 and 4.2019/27).

Acknowledgments

The authors thank Bezmialem Vakif University for
providing the necessary support and infrastructure.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Badie, B., Schartner, J., Prabakaran, S., Paul, J., and Vorpahl, J. (2001).
Expression of Fas ligand by microglia: Possible role in glioma immune evasion.
J. Neuroimmunol. 120, 19-24. doi: 10.1016/s0165-5728(01)00361-7

Benkhoucha, M., Santiago-Raber, M.-L., Schneiter, G., Choftlon, M., Funakoshi,
H., Nakamura, T. et al. (2010). Hepatocyte growth factor inhibits CNS
autoimmunity by inducing tolerogenic dendritic cells and CD25+ Foxp3+
regulatory T cells. Proc. Natl. Acad. Sci. U.S.A. 107, 6424-6429. doi: 10.1073/pnas.
0912437107

Benkhoucha, M., Senoner, I, and Lalive, P. H. (2020). c-Met is expressed by
highly autoreactive encephalitogenic CD8+ cells. J. Neuroinflammation 17:68. doi:
10.1186/s12974-019-1676-0

Brooks, W., Markesbery, W., Gupta, G., and Roszman, T. (1978). Relationship
of lymphocyte invasion and survival of brain tumor patients. Anna. Neurol. 4,
219-224. doi: 10.1002/ana.410040305

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1029657
https://doi.org/10.1215/S1152851705000050
https://doi.org/10.1215/S1152851705000050
https://doi.org/10.7554/eLife.52176
https://doi.org/10.1227/00006123-200004000-00035
https://doi.org/10.1097/00006123-199905000-00075
https://doi.org/10.1097/00006123-199905000-00075
https://doi.org/10.1016/s0165-5728(01)00361-7
https://doi.org/10.1073/pnas.0912437107
https://doi.org/10.1073/pnas.0912437107
https://doi.org/10.1186/s12974-019-1676-0
https://doi.org/10.1186/s12974-019-1676-0
https://doi.org/10.1002/ana.410040305
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/

Khan et al.

Céfai, D., Favre, L., Wattendorf, E., Marti, A., Jaggi, R,, and Gimmi, C. D.
(2001). Role of Fas ligand expression in promoting escape from immune rejection
in a spontaneous tumor model. Int. J. Cancer 91, 529-537. doi: 10.1002/1097-
0215(200002)9999:9999&lt;::aid- ijc1074&gt;3.0.c0;2-0

Choi, C., and Benveniste, E. N. (2004). Fas ligand/Fas system in the brain:
Regulator of immune and apoptotic responses. Brain Res. Rev. 44, 65-81. doi:
10.1016/j.brainresrev.2003.08.007

Choi, C,, Xu, X, Oh, J.-W,, Lee, S. ], Gillespie, G. Y., Park, H.,, et al. (2001).
Fas-induced expression of chemokines in human glioma cells: Involvement of
extracellular signal-regulated kinase 1/2 and p38 mitogen-activated protein kinase.
Cancer Res. 61, 3084-3091.

Didenko, V. V., Ngo, H. N., Minchew, C., and Baskin, D. S. (2002). Apoptosis
of T lymphocytes invading glioblastomas multiforme: A possible tumor defense
mechanism. J. Neurosurg. 96, 580-584. doi: 10.3171/jns.2002.96.3.0580

Dix, A. R, Brooks, W. H., Roszman, T. L., and Morford, L. A. (1999).
Immune defects observed in patients with primary malignant brain tumors.
J. Neuroimmunol. 100, 216-232. doi: 10.1016/S0165-5728(99)00203-9

Frigerio, S., Silei, V., Ciusani, E., Massa, G., Lauro, G., and Salmaggi, A. (2000).
Modulation of fas-ligand (Fas-L) on human microglial cells: An in vitro study.
J. Neuroimmunol. 105, 109-114. doi: 10.1016/s0165-5728(99)00227-1

Glodde, N., Bald, T., van den Boorn-Konijnenberg, D., Nakamura, K.,
O’Donnell, J. S., Szczepanski, S., et al. (2017). Reactive neutrophil responses
dependent on the receptor tyrosine kinase c-MET Limit cancer immunotherapy.
Immunity 47, 789.e-802.e. doi: 10.1016/j.immuni.2017.09.012

Han, S., Zhang, C,, Li, Q, Dong, J., Liu, Y., Huang, Y., et al. (2014). Tumour-
infiltrating CD4+ and CD8+ lymphocytes as predictors of clinical outcome in
glioma. Br. J. Cancer 110, 2560-2568. doi: 10.1038/bjc.2014.162

Joo, K. M,, Jin, J., Kim, E,, Kim, K. H,, Kim, Y., Kang, B. G,, et al. (2012).
MET signaling regulates glioblastoma stem cells. Cancer Res. 72, 3828-3838. doi:
10.1158/0008-5472.CAN-11-3760

Khan, L, Baig, M. H., Mahfooz, S., Rahim, M., Karacam, B., Elbasan, E. B., et al.
(2021). Deciphering the role of autophagy in treatment of resistance mechanisms
in glioblastoma. Int. J. Mol. Sci. 22:1318. doi: 10.3390/ijms22031318

Kumai, T., Matsuda, Y., Ohkuri, T., Oikawa, K., Ishibashi, K., Aoki, N.,
et al. (2015). c-Met is a novel tumor associated antigen for T-cell based
immunotherapy against NK/T cell lymphoma. Oncoimmunology 4:¢976077. doi:
10.4161/2162402X.2014.976077

Ma, Q,, Long, W., Xing, C., Chu, J., Luo, M., Wang, H. Y., et al. (2018). Cancer
stem cells and immunosuppressive microenvironment in glioma. Front. Immunol.
9:2924. doi: 10.3389/fimmu.2018.02924

Mirghorbani, M., Van Gool, S., and Rezaei, N. (2013). Myeloid-derived
suppressor cells in glioma. Exp. Rev. Neurother. 13, 1395-1406. doi: 10.1586/
14737175.2013.857603

Neumann, H. (2000). The immunological microenvironment in the CNS:
Implications on neuronal cell death and survival. Adv. Dement. Res. 59, 59-68.
doi: 10.1007/978-3-7091-6781-6_9

Okunishi, K., Dohi, M., Nakagome, K., Tanaka, R., Mizuno, S., Matsumoto, K.,
et al. (2005). A novel role of hepatocyte growth factor as an immune regulator
through suppressing dendritic cell function. J. Immunol. 175, 4745-4753. doi:
10.4049/jimmunol.175.7.4745

Frontiers in Molecular Neuroscience

10

10.3389/fnmol.2022.1029657

Parmigiani, E., Ivanek, R., Rolando, C., Hafen, K., Turchinovich, G., Lehmann,
F. M, etal. (2022). Interferon-y resistance and immune evasion in glioma develop
via Notch-regulated co-evolution of malignant and immune cells. Dev. Cell 57,
1847.e-1865.¢. doi: 10.1016/j.devcel.2022.06.006

Parney, L. F. (2012). Basic concepts in glioma immunology. Glioma 746, 42-52.
doi: 10.1007/978-1-4614-3146-6_4

Pyonteck, S. M., Akkari, L., Schuhmacher, A. J., Bowman, R. L., Sevenich,
L., Quail, D. F,, et al. (2013). CSF-1R inhibition alters macrophage polarization
and blocks glioma progression. Nat. Med. 19, 1264-1272. doi: 10.1038/nm.3
337

Ramsdell, F., Seaman, M. S., Miller, R. E., Tough, T. W., Alderson, M. R., and
Lynch, D. H. (1994). gld/gld mice are unable to express a functional ligand for Fas.
Eur. J. Immunol. 24, 928-933. doi: 10.1002/¢ji.1830240422

Rathmell, J., Cooke, M., Ho, W. Y., Grein, J., Townsend, S. E., Davis,
M. M, et al. (1995). CD95 (Fas)-dependent elimination of self-reactive B cells
upon interaction with CD4+ T cells. Nature 376, 181-184. doi: 10.1038/376
181a0

Razavi, S.-M., Lee, K. E,, Jin, B. E., Aujla, P. S., Gholamin, S., and Li, G. (2016).
Immune evasion strategies of glioblastoma. Front. Surg. 3:11. doi: 10.3389/fsurg.
2016.00011

Rolle, C. E., Sengupta, S., and Lesniak, M. S. (2012). Mechanisms of immune
evasion by gliomas. Glioma 746, 53-76. doi: 10.1007/978-1-4614-3146-6_5

Rouvler, E., Luciani, M. F., and Golstein, P. (1993). Fas involvement in Ca(2+)-
independent T cell-mediated cytotoxicity. Exp. Med. 177, 195-200. doi: 10.1084/
jem.177.1.195

Russell, J. H., RuSH, B., Weaver, C., and Wang, R. (1993). Mature T cells of
autoimmune Ipr/lpr mice have a defect in antigen-stimulated suicide. Proc. Natl.
Acad. Sci. U.S.A. 90, 4409-4413. doi: 10.1073/pnas.90.10.4409

Stupp, R, Mason, W. P, van den Bent, M. J., Weller, M., Fisher, B., Taphoorn,
M.]J., etal. (2005). Radiotherapy plus concomitant and adjuvant temozolomide for
glioblastoma. N. Engl. J. Med. 352, 987-996. doi: 10.1056/NEJMo0a043330

Tan, Y. S., and Lei, Y. L. (2019). Isolation of tumor-infiltrating lymphocytes
by ficoll-paque density gradient centrifugation. Methods Mol. Biol. 1960, 93-99.
doi: 10.1007/978-1-4939-9167-9_8

Taylor, A. W. (1996). Neuroimmunomodulation in immune privilege: Role of
neuropeptides in ocular immunosuppression. Neuroimmunomodulation 3, 195-
204.

Volpe, E., Sambucci, M., Battistini, L., and Borsellino, G. (2016). Fas-fas ligand:
Checkpoint of t cell functions in multiple sclerosis. Front. Immunol. 7:382. doi:
10.3389/fimmu.2016.00382

Waziri, A. (2010). Glioblastoma-derived mechanisms of systemic
immunosuppression. Neurosurg. Clin. N. Am. 21, 31-42. doi: 10.1016/j.nec.
2009.08.005

Weenink, B., French, P. ], Sillevis Smitt, P. A., Debets, R., and Geurts, M. (2020).
Immunotherapy in glioblastoma: Current shortcomings and future perspectives.
Cancers 12:751. doi: 10.3390/cancers12030751

Wu, A., Wei, J,, Kong, L. Y., Wang, Y., Priebe, W., Qiao, W, et al. (2010).
Glioma cancer stem cells induce immunosuppressive macrophages/microglia.
Neuro. Oncol. 12, 1113-1125. doi: 10.1093/neuonc/noq082

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1029657
https://doi.org/10.1002/1097-0215(200002)9999:9999&lt;::aid-ijc1074&gt;3.0.co;2-o
https://doi.org/10.1002/1097-0215(200002)9999:9999&lt;::aid-ijc1074&gt;3.0.co;2-o
https://doi.org/10.1016/j.brainresrev.2003.08.007
https://doi.org/10.1016/j.brainresrev.2003.08.007
https://doi.org/10.3171/jns.2002.96.3.0580
https://doi.org/10.1016/S0165-5728(99)00203-9
https://doi.org/10.1016/s0165-5728(99)00227-1
https://doi.org/10.1016/j.immuni.2017.09.012
https://doi.org/10.1038/bjc.2014.162
https://doi.org/10.1158/0008-5472.CAN-11-3760
https://doi.org/10.1158/0008-5472.CAN-11-3760
https://doi.org/10.3390/ijms22031318
https://doi.org/10.4161/2162402X.2014.976077
https://doi.org/10.4161/2162402X.2014.976077
https://doi.org/10.3389/fimmu.2018.02924
https://doi.org/10.1586/14737175.2013.857603
https://doi.org/10.1586/14737175.2013.857603
https://doi.org/10.1007/978-3-7091-6781-6_9
https://doi.org/10.4049/jimmunol.175.7.4745
https://doi.org/10.4049/jimmunol.175.7.4745
https://doi.org/10.1016/j.devcel.2022.06.006
https://doi.org/10.1007/978-1-4614-3146-6_4
https://doi.org/10.1038/nm.3337
https://doi.org/10.1038/nm.3337
https://doi.org/10.1002/eji.1830240422
https://doi.org/10.1038/376181a0
https://doi.org/10.1038/376181a0
https://doi.org/10.3389/fsurg.2016.00011
https://doi.org/10.3389/fsurg.2016.00011
https://doi.org/10.1007/978-1-4614-3146-6_5
https://doi.org/10.1084/jem.177.1.195
https://doi.org/10.1084/jem.177.1.195
https://doi.org/10.1073/pnas.90.10.4409
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1007/978-1-4939-9167-9_8
https://doi.org/10.3389/fimmu.2016.00382
https://doi.org/10.3389/fimmu.2016.00382
https://doi.org/10.1016/j.nec.2009.08.005
https://doi.org/10.1016/j.nec.2009.08.005
https://doi.org/10.3390/cancers12030751
https://doi.org/10.1093/neuonc/noq082
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/

	Glioma cancer stem cells modulating the local tumor immune environment
	Introduction
	Materials and methods
	Patients' data
	Glioma stem cells isolation and culture
	Peripheral blood mononuclear cells isolation
	Flow cytometry for glioma stem cells
	Tumor infiltrating lymphocyte isolation
	Immunophenotyping of immune cells

	Results
	Glioma stem cells expressed high levels of c-Met and FasL
	c-Met and FasL expression on glioma stem cells modulate the local immune response in tumor microenvironment
	c-Met and FasL expression on glioma stem cells modulate peripheral circulating immune cells
	Tumor infiltrating lymphocyte and peripheral circulating immune cells in glioma patients are correlated

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


