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Glioma-associated microglia/macrophages (GAM) represent an attractive therapeutic target for the
development of the alternative methodology in the treatment of gliomas. This study was aimed to investigate the effect of intranasally administered TLR3 agonist Larifan on microglial cell metabolic profile in rats
with C6 glioma. Our results demonstrate progressive generation microglial cell population with immunosuppressive and pro-inflammatory properties in C6 glioma-bearing brain. Intranasally delivered TLR3 agonist
is capable to abrogate the creation of this pro-tumoral immune infiltrates, probably, through the effect on
myeloid-derived suppressor cells, and can be considered as a promising agent for glioma therapy aimed the
GAM re-education.
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G

liomas account for more than 70% of primary brain tumors, and the vast majority of
those tumors are highly malignant glioblastomas. Glioblastomas (GB) are extremely aggressive
brain tumors with a very poor prognosis [1]. In spite
of substantial advances that were achieved over the
past several decades in the treatment of many malignant neoplasms, GB remains essentially untrea
table [2]. Meaning, that most therapeutic approaches
targeting tumor cells have failed. GB is heavily infiltrated with myeloid cells, mainly brain-resident
microglia and peripheral phagocytes, that are collectively referred to as glioma-associated microglia/
macrophages or “GAM” [3, 4]. Up to 30% of the
cells in GB tissue are GAM [5]. GB cells promote
metabolic shift of GAM to the immunosuppressive,
proinvasive phenotype with the expression of M2
markers: arginase 1 (Arg1), interleukin 10, CD206
etc. These polarized GAM play a crucial role for
GB sustained growth and invasion [6]. Unlike cancer cells, stromal cells within the tumor microenvironment including GAM are genetically stable and
therefore represent an attractive therapeutic target

with minimum risk of resistance and/or tumor recurrence. There are currently two types of methodological approaches in the glioma treatment targeting
GAM. First approach aims physical elimination of
GAMs and abolishment their protumoral effects.
There are reports concerning the successfully applied GAM ablation for the cancer treatment [7].
However, not all GAM subpopulations are protumoral, therefore complete GAM elimination may be
undesirable. The second approach aims to re-educate
GAM or reprogram them toward a tumour-suppressive phenotype. One can suggest that re-education
of these cells, rather than ablation per se, may be
an effective strategy for treating GB [8, 9]. Different
substances are considered as a polarizing agents for
tumor-associated phagocytes, including agonists of
pattern-recognizing receptors, like CpG oligodeoxynucleotides (CpG-ODN), polyinosinic:polycytidylic
acid (polyI:C), toll-like receptor (TLR) 9 ligand,
TLR 7/8 agonists etc [10, 11]. Among others, TLR3
agonists are considered “safe” agonists for the use in
GB immunotherapy, because as a result of their use,
the tumor is generally inhibited in the absence of tu-
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mor promotion [12]. TLR3 agonists up-regulate expression of both programmed death-ligand (PD‑L)1
and PD-L2 on glioma cells followed by cell cycle
arrest and apoptosis induction and prime the tumor
microenvironment for antitumor immune response
[13, 14].
There are two main routes for the drug delive
ry to brain tumor: direct-to-brain and systemic.
However, direct-to-brain drug delivery has serious
limitations due to its traumatic effect. The bloodbrain barrier (BBB) is a substantial obstacle for the
systemic introduction of the drugs including immunotherapeutic preparations. Intranasal route is
considered as an alternative way. This route has a
number of advantages: BBB ceases to be an obstacle,
the method is noninvasive and is easily repeatable
[15, 16]. This study was aimed to investigate the effect of intranasally delivered TLR3 agonist Larifan
on microglial cell metabolic profile in rats with C6
glioma. Larifan contains TLR3 agonist - natural origin dsRNA. The preparation has an interferonogenic
and immunomodulatory properties. It exhibited an
antitumoral effect in the investigations with experimental tumor models [17, 18].
Materials and Methods
Animals. C6 glioma model. Study design. In
vivo studies were performed on Wistar male rats
(n = 30, 40-50 g). Animals were bred in the viva
rium of the Educational and Scientific Centre “Institute of Biology and Medicine” of Taras Shevchenko
National University of Kyiv, and were maintained
on a standard diet at 25 ± 1 °C. Experiments were
conducted in accordance with the standards of the
Convention on Bioethics of the Council of Europe’s
‘Europe Convention for the Protection of Vertebrate
Animals’ used for experimental and other scientific
purposes (1997), the general ethical principles of
animal experiments, approved by the First National
Congress on Bioethics in Ukraine (September 2001).
Animal protocol was reviewed and approved by the
Taras Shevchenko National University animal welfare committee according to the Animal Welfare Act
guidelines.
The C6 glioma tumor cell line was kindly provided by National Bank of Cell Lines and Transplanted Tumors of R.E. Kavetsky Institute of Experimental Pathology, Oncology and Radiobiology
of National Academy of Sciences of Ukraine. The
cells were cultured in vitro in RPMI medium (Sigma, USA) supplemented with 10% fetal calf serum,

2 mM l-glutamine and 40 mg/ml gentamycin at
37 °C in humidified atmosphere with 5% CO2. Before the surgery, rats were anesthetized (intraperitoneally) with ketamine (0.1 mg/g animal) and sedazine (0.02 mg/g animal). Tumor cells (5×105 in the
volume of 50 μl) were transplanted intracerebrally
in the left parietal zone (the anterior lobe of the left
lateral ventricle) at a distance of 3 mm from sinus
sagittalis to avoid intracranial bleeding, according
to a stereotaxic atlas. After transplantation of tumor
cells, the experimental animals were randomized by
weight and distributed in three groups with ten animals per group: group 1 – intact animals, group 2 –
animals with transplanted C6 glioma, group 3 – animals with C6 glioma and injected intranasally with
Larifan (Larifan Ltd) at a dose of 200 μg daily for
23 days. Animal behavior was monitored daily, body
weight for each rat was recorded 3-5 times a week. In
a day after the cessation of Larifan introduction (on
24th day after tumor cell inoculation) animals were
sacrificed. C6 glioma cell cycle analysis and microglia cell phenotype examination were conducted on
14th and 24th days after tumor cell transplantation.
Metabolic characteristics (phagocytosis and oxidative metabolism) of microglia were examined at the
time of experiment cessation (24th days after tumor
cell transplantation).
Cell cycle assay. Cell cycle and DNA content
analysis was conducted using the BD Cycletest Assay according to the manufacturer’s instruction (BD
Biosciences, San Jose, CA). To analyze cellular DNA
content by flow cytometry, isolated from tumor tissue C6 glioma cells (>106 cells) were washed in
phosphate-buffered saline (PBS) twice. After this,
cells were suspended in 1 ml of propidium iodide/
Triton-X 100 staining solution (20 µg/ml PI, 0.1%
Triton-X 100, 0.2 mg/ml ribonuclease A (RNase A,
Sigma) in PBS) and incubated 30 min at room temperature in the dark. The DNA content was then analyzed by flow cytometry (FACScan, BD Bioscience).
The proliferation index (PI) was used to present cell
proliferation activity PI (%) = S + G2 + M.
Microglia cell isolation. Microglia cells were
isolated on day 14 and day 24 of the experiment
as described by Matthew G. Frank [19] with slight
modifications. Rats were euthanized by i.p. injection of 200 μl pentobarbital-sodium (Narcoren,
Pharmazeutischen Handelsgesellschaft), brain was
rapidly extracted on ice, hippocampus was dissec
ted and perfused using a phosphate buffered saline
(PBS). Isolated tissue was gently dissociated in
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ice cold PBS supplemented with 0.2% glucose for
15 min at room temperature with the use of Potter
homogenizer. Homogenate was filtered through a
40 nm cell strainer (BD Biosciences Discovery) for
additional tissue shredding and then was transferred
to a 15 ml tube and centrifuged at 350 g for 10 min at
room temperature. Homogenate was then suspended
in 1 ml of 70% isotonic Percoll solution. 1 ml of 50%
Percoll solution was softly layered on top of the 70%
layer, and 1 ml of PBS solution was then layered on
top of the 50% Percoll layer. Density gradient was
centrifuged for 40 min at 1200 g. After centrifugation, the layer at the interface between the 70% and
50% Percoll phases contained highly enriched microglia was aspirated and cells were washed twice
in PBS by centrifugation. Purity of isolated microglia was estimated by flow cytometry with the use
of fluorescein isothiocyanate (FITC) mouse anti-rat
CD11b (BD PharmingenTM) and phycoerythrin (PE)
mouse anti-rat CD45 (BD PharmingenTM). The proportion of CD11b+CD45+ cells was 89.79 ± 2.47%.
Cell viability was determined by Trypan blue exclusion test. The proportion of viable cells was ≤ 92%.
ROS assay. Reactive oxygen species (ROS)
levelswere measured using 2′7′-dichlorodihydrofluo
rescein diacetate (carboxy-H 2DCFDA, Invitrogen) [20]. Carboxy-H 2DCFDA is converted to
impermeable oxidized green-fluorescent form by the
activity of ROS the cell. 2×105 microglial cells were
incubated with PBS containing 10 µM carboxy–
H2DCFDA for 30 min at 37 °C in the dark. The cells
were then transferred to polystyrene tubes with cell–
strainercaps (Falcon, Becton Dickinson) and analysed with flow cytometry (excitation: 488 nm, emission: 525 nm). Only living cells, gated according to
scatter parameters, were used for the analysis.
Phagocytosis assay. The f low cytometry
phagocytosis assay was performed as described by
Cantinieaux et al. [21] with slight modifications.
Staphylococcus aureus Cowan I cells (collection
of the Department of Microbiology and Immunolo
gy of ESC “Institute of Biology and Medicine” of
Taras Shevchenko National University of Kyiv) were
grown on beef–extract agar and subsequently were
heat inactivated and FITC labeled. The stock of
FITC–labeled S. aureus at a concentration of 1×107
cells/ml in a volume of 5 µl was added to 2×105 microglial cells. A tube with cells only served as a
negative control. All probes were incubated at 37 °C
for 30 min. At the end of the assay, phagocytosis was
arrested by the addition of cold stop solution (PBS
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with 0.02% EDTA and 0.04% paraformaldehyde).
Fluorescence of phagocytes with ingested bacteria
was determined by flow cytometry. The results were
registered as phagocytosis index that representing
the mean fluorescence per one phagocytic cell (ingested bacteria by one cell).
Immunofluorescence labeling. PE anti-CD80
antibodies) and Alexa Fluor 647 labeled anti-CD206
antibodies (Abcam) were used to determine the
mean fluorescence intensity (MFI) of CD206 and
CD80 on microglial cells on 14th and 24th days of experiment. The antibodies were added (5 μl) to the
samples (50 μl). The cells were incubated for 25 min
at room temperature. Samples were then analyzed
by FACSCalibur flow cytometer (BD Biosciences,
San Jose, CA, USA). The data were analyzed using
CELLQuest software (BD; Franklin Lakes, NJ,
USA).
Statistical analysis. All experimental results
are reported as mean ± SD. Statistical significance
of the results was determined by Student’s t-test.
Means were compared and differences were conside
red significant at P < 0.05 or less.
Results and Discussion
Intranasal Larifan delivery affect C6 glioma
cell cycle. Taking into account the fact that there are
no unambiguous recommendations regarding dosing
and time schedule for the use of TLR agonists in
cancer treatment [22, 23], we have used prolonged
treatment schedule accompanied by the examination
of DNA state of C6 gilioma cells isolated from tumor
tissue as well as by the investigation of phenotypic
profile of GAM at different time points within the
course of treatment. Additionally, we have charac
terized the effect of intranasally delivered TLR3
agonist on animal behavior and body weight. For the
first 14 days of C6 glioma growth, tumor-bearing
animals were characterized by lowered body weight
in comparison with intact animals. Docile behavior
and decreased activity were also observed. All rats
treated with Larifan had active behavioral state, their
body weight was moderately higher than that in their
untreated counterparts until 14th day of observation
(Fig. 1). The first deaths (n = 2) were registered in
the control group on 14th day in contrast to the Lari
fan-treated group, where the onset of animal death
(n = 2) was observed on day 20 of the experiment
(data are not presented). At the end of the observation period (24th days after tumor cell transplantation), statistically significant differences between
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Fig. 1. Body weight of C6 glioma bearing rats
treatedwith Larifan. 5×105 C6 glioma cells were intracranially implanted on day 0. Starting from day 1
to day 23, C6 glioma-bearing rats were treated i.n.
with PBS (C6 glioma group) or Larifan at a dose of
200 μg daily (C6 glioma + Larifan group). * The
differences are statistically valid compared to the
intact animals (t-test; P < 0.05); # the differences
are statistically valid compared to C6 glioma group
(t-test; P < 0.05)
body weight of animals in control tumor-bearing
and treated groups has not been established (Fig. 1).
All tumor-bearing animals presented instability in
walking, hemiplegia, cachexia and eye conjunctival
congestion which are typical for quickly growing C6
glioma [24].
Analysis of DNA state in C6 glioma cells revealed that treatment with Larifan was associated
with significant decrease of proliferative fraction
in tumor tissue: PI in treated animals was 3.8 times
lower than that in control tumor-bearing rats at day
14, and 1.9 times lower – at 24th day (Table, Fig. 2).
As TLR3 is frequently expressed by various types
of malignant cells and can directly trigger tumor
cell apoptosis, we can’t exclude the direct antiproliferative effect of Larifan on C6 glioma cells [25].

In addition, the inhibition of C6 glioma proliferative
activity can be stipulated by the effect of the drug on
tumor microenvironment including GAM [26].
Phenotypic profile of microglial cells in C6glioma bearing rats in the course of treatment with
Larifan. As mentioned above, GAM, like other
tumor-associated phagocytes, display M2-like
functional profile, that is characterized by reduced
functional maturity (decreased CD14 expression), increased expression of immunosuppressive cytokines,
up-regulated arginase activity along with lowered
NO production [27, 28]. According to general ideas,
these cells are not efficient at antigen presentation,
and express low levels of MHC a co-stimulatory
molecules. In accordance with data from different
research groups, they can exibit reduced or augmented phagocytic activity along with up-regulated
expression of M2 phenotypic markers such as the
mannose receptor (CD206) and the hemoglobin/haptoglobin scavenger receptor (CD163) [29, 30].
In our experiments, distinct expression of key
M1 and M2 phenotypic markers on GAM have been
registered at different time points of the course of
glioma growth (Fig. 3, A and B). Phenotypic profile
of microglial cells were affected by the treatment
with Larifan. Microglial surface expression level of
CD206 in C6 glioma-bearing rats on day 14 after
the tumor cell transplantation was 2.7 times higher
than that in intact animals (Fig. 3, A). Treatment
with Larifan, that was associated with substantial
reduction of C6 glioma cell proliferative activity at
this time point, was accompanied by the significant
decrease of surfase expression of this M2 marker
in C6 glioma-bearing animals. By the 24th day, the
difference between levels of CD206 expression in
microglia of intact animals and animals with C6
glioma was less significant (Fig. 3, B). In animals
treated with Larifan, expression of this M2 marker

DNA state of microglial cells in C6 glioma-bearing rats treated with Larifan
Animal group

G0/G1, %
G2/M, %
S, %
14th day after C6 glioma cell transplantation
C6 glioma, n = 8
89.82 ± 1.25
5.14 ± 0.12
5.04 ± 1.125
Larifan-treated, n = 8
97.99 ± 0.69*
1.08 ± 0.28*
1.34 ± 0.45
th
24 day after C6 glioma cell transplantation (end of experiment)
85.85 ± 0.42
6.31 ± 1.10
7.83 ± 1.52
C6 glioma, n = 8
93.50 ± 1.06*
2.40 ± 0.24
4.06 ± 1.27
Larifan-treated, n = 8

S + G2/M, %
10.18 ± 1.245
2.70 ±0.14*
14.14 ± 0.42
7.51 ± 0.18*

* The differences are statistically valid compared to the intact animals (t-test; p < 0.05)
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Fig. 2. Representative histogram overlay for DNA state of C6 glioma-bearing rats treated with Larifan.
A – control tumor-bearing rats; B – tumor-bearing rats treated with Larifan
didn’t differ significantly from that of untreated tumor-bearing rats at this time point. It was associated
with lowered antiproliferative effect of the drug and
was accompanied by the onset of mortality of animals. One can suggest, that at this time point there
is a redistribution of cell populations in the microglia
with a decrease in the fraction of the alternatively
activated (M2) CD206+ mononuclear phagocytes.
Surface expression of co-stimulatory molecules CD80 is mainly considered as a characteristic
350

of M1 functional skew of activated microglial cells
with tumor-suppressive properties. Overexpression
of CD80 is commonly associated with down-regu
lation of M2 markers such as CD206 [31]. Unexpectedly, our experiments revealed significant progressive increase of surface microglial expression
of CD80 in C6 glioma-bearing animals along with
overexpressed CD206 (Fig. 3). Treatment with Larifan, that was associated with the retardation of C6
glioma cell proliferation, was accompanied by the
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Fig. 3. Surface expression of CD206 and CD80 by microglial cells of C6 glioma-bearing rats after treatment
with Larifan. Microglial cells were isolated at 14th (A) and 24th (B) days after the tumor cell inoculation, and
were examined for mentioned marker expression by flow cytometry. The results are expressed as the percenta
ge of control; microglial cells from intact animals with an MFI of 153.9 for CD206 and 639.8 for CD80 were
defined as 100%. * The differences are statistically valid compared to the intact animals (t-test; P <0.05);
# the differences are statistically valid compared to the untreated tumor-bearing animals (t-test; P < 0.05)
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substantial reduction of CD80 surface expression.
Immune infiltrates of glioma-bearing brain is repor
ted contain three subpopulations of CD11b+CD45+
myeloid cells: resident CD11b+CD45low microglia
cells, recruited CD11b+CD45high macrophages and
CD11b+CD45 highGr1+ myeloid-derived suppressor cells (MDSC) [32, 33]. Though, just MDSC are
characterized by the CD80 overexpression in tumor microenvironment, and this cell fraction rises
gradually in the course of tumor growth [34]. Within
this experiments, we were unable to differentiate
mentioned above three subpopulation of microglial
cells in C6 glioma-bearing rat brain.
However, one can assume that CD80 overexpression in analyzed microglia cells occured at
the expense of increased MDSC fraction. Further
studies are warranted to confirm this assumption.
Our assumption is indirectly supported by the results from animals which were treated with Larifan.
Surface microglial expression of CD80 in animals
from this group was significantly lower than that in
untreated animals. CD80 expression is one of the
markers that correlate with suppressive function of
MDSC. Down-regulation or preventing CD80 expression on MDSC delay tumor growth [35]. It has
been shown that TLR3 agonists provoke the conversion of tumor-associated MDSC into mature macrophages with tumor-suppressive properties and
down-regulated co-stimulatory molecule expression
[36, 37]. In our experiments, treatment with TLR
agonists Larifan was also associated with the retardation of proliferative activity of tumor cells along
with the decrease of CD80 expression level in the
population of microglial cells. It provides grounds to

assume treatment with Larifan exerts negative effect
on MDSC.
ROS generation and phagocytic activity of microglial cells in C6-glioma bearing rats after treatment with Larifan. ROS generation is linked to the
classical (pro-inflammatory and tumor-suppressive)
microglia activation [38, 39]. At the same time,
ROS production is one of the key immunosuppressive mechanisms of MDSC. Increased ROS generation in MDSC is a result of up-regulated activity of
NADPHoxidase in these cells, that in turn is media
ted by tumor-derived factors [35, 40]. In our experiments, ROS generation was significantly elevated in
C6 glioma-bearing rats in comparison with intact
animals (Fig. 4, A). Treatment with Larifan resulted
in down-regulation of this process. As mentioned
above, systemically introduced TLR3 agonists are
capable to induce the differentiation of MDSC into
mature macrophages with the loss of immunosuppressive properties [36]. Such differentiation is accompanied, among other things, by a decrease in
the NADPH oxidase activity and, as a consequence,
by a decrease in the ROS synthesis [41]. One can
suggest, that ROS decrease in microglia cells from
tumor-bearing rats treated with Larifan is stipulated
by MDSC inhibition.
Phagocytosis is one of the fundamental proper
ties of all subpopulations of GAM. According to
“dead cell clearance hypothesis”, pro-tumoral phenotype of tumor-associated phagocytes including
GAM is characterized by the increased phagocytic
activity [42]. Moreover, increased phagocytic activi
ty is characteristic for MDSC and correlates with
overexpression of PD-L1 and immunosuppressive
180

A
Phagocytic activity, MFI

ROS generation, MFI

3000
2500
2000
1500
1000
500

B

160
140
120
100
80
60
40
20
0

0
Intact animals,
n = 10

C6 glioma,
n=8

C6 glioma + Larifan,
n=8

Intact animals,
n = 10

C6 glioma,
n=8

C6 glioma + Larifan,
n=8

Fig. 4. ROS generation (A) and phagocytosis (B) in microglial cells of C6 glioma-bearing rats after treatment
with Larifan. * the differences are statistically valid compared to the intact animals (t-test; P <0.05); # the
differences are statistically valid compared to the untreated tumor-bearing animals (t-test; P < 0.05)
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properties of these cells [43]. In our experiments,
phagocytic activity of C6 glioma-bearing animals
was moderately higher than that in intact rats (Fig. 4,
B). Treatment with Larifan resulted in slight decrease of microglia phagocytosis. Along with other
results, it can indicate the overcome of immunosuppressive properties of GAM.
Our results demonstrate progressive generation
microglia population with immunosuppressive and
pro-inflammatory properties in C6 glioma-bearing
brain as indicated by phenotypic and functional indices of these cells. We postulate that MDSC predominate in this heterogenous cell population. This
is in accordance with the findings of Brandenburg
et al. [33] as well as Gieryng with colleagues [44].
Intranasally delivered TLR3 agonist Larifan is capable to abrogate the creation of this pro-tumoral
immune infiltrates, probably, through the effect on
MDSC, and can be considered as a promising agent
for GB therapy aimed the GAM re-education. Our
results also indicate that short-term (not more than
14 days) course of TLR agonist is more effective
than prolonged one (in our experiment – for 23 days)
as positive alteration in phenotypic and functional
characteristics of analysed microglial cells as well
as statistically significant decrease of tumor cell PI
were registered on day 14 of the experiment. The
determination of most effective treatment schedule
as well as the estimation of the efficacy of Larifan
use in combined therapy of C6 glioma are planned
in our further studies.
This manuscript has not been previously published and is not under consideration in the same or
substantially similar form in any other peer-reviewed
media.
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Гліомаасоційовані
мікроглія/макрофаги
(ГАМ) є привабливою терапевтичною мішенню
для розробки альтернативного методу лікування
гліом. Метою роботи було дослідження впливу
інтраназального введення агоніста TLR3 препарату Ларифан на метаболічний профіль мікрогліальних клітин щурів із гліомою C6. Результати проведених нами досліджень засвідчують
прогресивне формування в головному мозку в
умовах розвитку гліоми популяції мікрогліальних клітин з імуносупресивними та прозапальними властивостями. Інтраназальне введення
зазначеного агоніста перешкоджає формуванню імунного інфільтрату з імуносупресивними
властивостями, імовірно, за рахунок впливу на
мієлоїдні супресорні клітини. Це дає підстави
розглядати препарат Ларифан як перспективний
агент для лікування гліом, спрямованого на зміну метаболічного профілю ГАМ.
К л ю ч о в і с л о в а: гліома, мікроглія, агоніст рецептора, імунотерапія.
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Глиомаассоциированные
микроглия/макрофаги (ГАМ) являются привлекательной терапевтической мишенью для разработки альтернативного метода лечения глиом. Целью работы
было исследование влияния интраназального
введения агониста TLR3 препарата Ларифан на
метаболический профиль микроглиальных клеток крыс с глиомой C6. Результаты проведенных нами исследований засвидетельствовали
прогрессивное формирование в головном мозге
в условиях роста глиомы популяции микроглиальных клеток с иммуносупрессивными и провоспалительными свойствами. Интраназальное
введение означенного агониста TLR3 препятствует формированию иммунного инфильтрата
с иммуносупрессивными свойствами, вероятно,
за счет влияния на миелоидные супрессорные
клетки. Это дает основания рассматривать препарат Ларифан в качестве перспективного агента для лечения глиом, направленного на изменение метаболического профиля ГАМ.
К л ю ч е в ы е с л о в а: глиома, микроглия,
агонист рецептора, иммунотерапия.
References
1. Woehrer A, Bauchet L, Barnholtz-Sloan JS.
Glioblastoma survival: has it improved?
Evidence from population-based studies. Curr
Opin Neurol. 2014; 27(6): 666-674.
2. Shergalis A, Bankhead A 3rd, Luesakul U,
Muangsin N, Neamati N. Current Challenges

and Opportunities in Treating Glioblastoma.
Pharmacol Rev. 2018; 70(3): 412-445.
3. Roesch S, Rapp C, Dettling S, Herold-Mende C.
When Immune Cells Turn Bad-TumorAssociated Microglia/Macrophages in Glioma.
Int J Mol Sci. 2018; 19(2). pii: E436.
4. Gieryng
A,
Pszczolkowska
D,
Walentynowicz KA, Rajan WD, Kaminska B.
Immune microenvironment of gliomas. Lab
Invest. 2017; 97(5): 498-518.
5.
Hambardzumyan
D,
Gutmann
DH,
Kettenmann H. The role of microglia and
macrophages in glioma maintenance and
progression. Nat Neurosci. 2016; 19(1): 20-27.
6. Lisi L, Ciotti GM, Braun D, Kalinin S, Currò D,
Dello Russo C, Coli A, Mangiola A, Anile C,
Feinstein DL, Navarra P. Expression of iNOS,
CD163 and ARG-1 taken as M1 and M2 markers
of microglial polarization in human glioblastoma
and the surrounding normal parenchyma.
Neurosci Lett. 2017; 645: 106-112.
7. Pyonteck SM, Akkari L, Schuhmacher AJ,
Bowman RL, Sevenich L, Quail DF, Olson OC,
Quick ML, Huse JT, Teijeiro V, Setty M,
Leslie CS, Oei Y, Pedraza A, Zhang J,
Brennan CW, Sutton JC, Holland EC, Daniel D,
Joyce JA. CSF-1R inhibition alters macrophage
polarization and blocks glioma progression. Nat
Med. 2013; 19(10): 1264-1272.
8. Dello Russo C, Lisi L, Tentori L, Navarra P,
Graziani G, Combs CK. Exploiting Microglial
Functions for the Treatment of Glioblastoma.
Curr Cancer Drug Targets. 2017; 17(3): 267-281.
9. da Fonseca AC, Badie B. Microglia and
macrophages in malignant gliomas: recent
discoveries and implications for promising
therapies. Clin Dev Immunol. 2013; 2013:
264124.
10. Zheng X, Turkowski K, Mora J, Brüne B,
Seeger W, Weigert A, Savai R. Redirecting
tumor-associated macrophages to become
tumoricidal effectors as a novel strategy for
cancer therapy. Oncotarget. 2017; 8(29): 4843648452.
11. Rodell CB, Arlauckas SP, Cuccarese MF,
Garris CS, Li R, Ahmed MS, Kohler RH,
Pittet MJ, Weissleder R. TLR7/8-agonistloaded nanoparticles promote the polarization
of tumour-associated macrophages to enhance
cancer immunotherapy. Nat Biomed Eng. 2018;
2(8): 578-588.
117

ISSN 2409-4943. Ukr. Biochem. J., 2018, Vol. 90, N 6

12. Deng S, Zhu S, Qiao Y, Liu YJ, Chen W, Zhao G,
Chen J. Recent advances in the role of toll-like
receptors and TLR agonists in immunotherapy
for human glioma. Protein Cell. 2014; 5(12):
899-911.
13. De Waele J, Marcq E, Van Audenaerde JR,
Van Loenhout J, Deben C, Zwaenepoel K, Van
de Kelft E, Van der Planken D, Menovsky T,
Van den Bergh JM, Willemen Y, Pauwels P,
Berneman ZN, Lardon F, Peeters M,
Wouters A, Smits EL. Poly(I:C) primes primary
human glioblastoma cells for an immune
response invigorated by PD-L1 blockade.
Oncoimmunology. 2017; 7(3): e1407899.
14. Conforti R, Ma Y, Morel Y, Paturel C, Terme M,
Viaud S, Ryffel B, Ferrantini M, Uppaluri R,
Schreiber R, Combadière C, Chaput N, André F,
Kroemer G, Zitvogel L. Opposing effects of tolllike receptor (TLR3) signaling in tumors can
be therapeutically uncoupled to optimize the
anticancer efficacy of TLR3 ligands. Cancer
Res. 2010; 70(2): 490-500.
15. Li G, Bonamici N, Dey M, Lesniak MS,
Balyasnikova IV. Intranasal delivery of stem
cell-based therapies for the treatment of brain
malignancies. Expert Opin Drug Deliv. 2018;
15(2): 163-172.
16. Van Woensel M, Mathivet T, Wauthoz N,
Rosière R, Garg AD, Agostinis P, Mathieu V,
Kiss R, Lefranc F, Boon L, Belmans J,
Van Gool SW, Gerhardt H, Amighi K, De
Vleeschouwer S. Sensitization of glioblastoma
tumor micro-environment to chemo- and
immunotherapy by Galectin-1 intranasal knockdown strategy. Sci Rep. 2017; 7(1): 1217.
17. Silin DS, Lyubomska OV, Ershov FI,
Frolov VM, Kutsyna GA. Synthetic and
natural immunomodulators acting as interferon
inducers. Curr Pharm Des. 2009; 15(11): 12381247.
18. Veinalde R, Petrovska R, Brūvere R, Feldmane G,
Pjanova D. Ex vivo cytokine production in
peripheral blood mononuclear cells after their
stimulation with dsRNA of natural origin.
Biotechnol Appl Biochem. 2014; 61(1): 65-73.
19. Frank MG, Wieseler-Frank JL, Watkins LR,
Maier SF. Rapid isolation of highly enriched
and quiescent microglia from adult rat
hippocampus: immunophenotypic and func
tional characteristics. J Neurosci Methods. 2006;
151(2): 121-130.
118

20. Macrophages and dendritic cells. Methods and
Protocols. Edited by Neil E.Reiner. NY, Humana
Press, 2009. 368 p.
21. Cantinieaux B, Hariga C, Courtoy P, Hupin J,
Fondu P. Staphylococcus aureus phagocytosis.
A new cytofluorometric method using FITC and
paraformaldehyde. J Immunol Methods. 1989;
121(2): 203-208.
22. Kaczanowska S, Joseph AM, Davila E.
TLR agonists: our best frenemy in cancer
immunotherapy. J Leukoc Biol. 2013; 93(6): 847863.
23. Geller MA, Cooley S, Argenta PA, Downs LS,
Carson LF, Judson PL, Ghebre R, Weigel B,
Panoskaltsis-Mortari A, Curtsinger J, Miller JS.
Toll-like receptor-7 agonist administered
subcutaneously in a prolonged dosing schedule in
heavily pretreated recurrent breast, ovarian, and
cervix cancers. Cancer Immunol Immunother.
2010; 59(12): 1877-1884.
24. Shi J, Zhang Y, Fu WM, Chen M, Qiu Z.
Establishment of C6 brain glioma models
through stereotactic technique for laser
interstitial thermotherapy research. Surg Neurol
Int. 2015; 6: 51.
25. Li K, Qu S, Chen X, Wu Q, Shi M. Promising
Targets for Cancer Immunotherapy: TLRs,
RLRs, and STING-Mediated Innate Immune
Pathways. Int J Mol Sci. 2017; 18(2). pii: E404.
26. Salaun B, Coste I, Rissoan MC, Lebecque SJ,
Renno T. TLR3 can directly trigger apoptosis
in human cancer cells. J Immunol. 2006; 176(8):
4894-4901.
27. Wu A, Wei J, Kong LY, Wang Y, Priebe W,
Qiao W, Sawaya R, Heimberger AB. Glioma
cancer stem cells induce immunosuppressive
macrophages/microglia. Neuro Oncol. 2010;
12(11): 1113-1125.
28. Gabrusiewicz K, Ellert-Miklaszewska A,
Lipko M, Sielska M, Frankowska M,
Kaminska B. Characteristics of the alternative
phenotype of microglia/macrophages and its
modulation in experimental gliomas. PLoS One.
2011; 6(8): e23902.
29. Scodeller P, Simón-Gracia L, Kopanchuk S,
Tobi A, Kilk K, Säälik P, Kurm K, Squadrito ML,
Kotamraju VR, Rinken A, De Palma M,
Ruoslahti E, Teesalu T. Precision Targeting of
Tumor Macrophages with a CD206 Binding
Peptide. Sci Rep. 2017; 7(1): 14655.

Y. Hurmach, M. Rudyk, V. Svyatetska et al.

30. Li W, Graeber MB. The molecular profile of
microglia under the influence of glioma. Neuro
Oncol. 2012; 14(8): 958-978.
31. Poon CC, Sarkar S, Yong VW, Kelly JJP.
Glioblastoma-associated
microglia
and
macrophages: targets for therapies to improve
prognosis. Brain. 2017; 140(6): 1548-1560.
32. Gieryng A, Pszczolkowska D, Bocian K,
Dabrowski M, Rajan WD, Kloss M,
Mieczkowski J, Kaminska B. Immune micro
environment of experimental rat C6 gliomas
resembles human glioblastomas. Sci Rep. 2017;
7(1): 17556.
33. Brandenburg S, Turkowski K, Mueller A,
Radev YT, Seidlitz S, Vajkoczy P. Myeloid cells
expressing high level of CD45 are associated
with a distinct activated phenotype in glioma.
Immunol Res. 2017; 65(3): 757-768.
34. Yang R, Cai Z, Zhang Y, Yutzy WH 4th, Roby KF,
Roden RB. CD80 in immune suppression
by mouse ovarian carcinoma-associated Gr1+CD11b+ myeloid cells. Cancer Res. 2006;
66(13): 6807-6815.
35. Dilek N, Vuillefroy de Silly R, Blancho G,
Vanhove B. Myeloid-derived suppressor cells:
mechanisms of action and recent advances
in their role in transplant tolerance. Front
Immunol. 2012; 3: 208.
36. Fernández A, Oliver L, Alvarez R, Fernández LE,
Lee KP, Mesa C. Adjuvants and myeloid-derived
suppressor cells: enemies or allies in therapeutic
cancer vaccination. Hum Vaccin Immunother.
2014; 10(11): 3251-3260.
37. Takeda Y, Kataoka K, Yamagishi J, Ogawa S,
Seya T, Matsumoto M. A TLR3-Specific
Adjuvant Relieves Innate Resistance to PD-L1
Blockade without Cytokine Toxicity in Tumor
Vaccine Immunotherapy. Cell Rep. 2017; 19(9):
1874-1887.

38. Bordt EA, Polster BM. NADPH oxidase- and
mitochondria-derived reactive oxygen species
in proinflammatory microglial activation: a
bipartisan affair? Free Radic Biol Med. 2014; 76:
34-46.
39. Orihuela R, McPherson CA, Harry GJ. Microglial
M1/M2 polarization and metabolic states. Br J
Pharmacol. 2016; 173(4): 649-665.
40. Corzo CA, Cotter MJ, Cheng P, Cheng F,
Kusmartsev S, Sotomayor E, Padhya T,
McCaffrey TV, McCaffrey JC, Gabrilovich DI.
Mechanism regulating reactive oxygen species
in tumor-induced myeloid-derived suppressor
cells. J Immunol. 2009; 182(9): 5693-5701.
41. Jia W, Jackson-Cook C, Graf MR. Tumorinfiltrating, myeloid-derived suppressor cells
inhibit T cell activity by nitric oxide production
in an intracranial rat glioma + vaccination
model. J Neuroimmunol. 2010; 223(1-2): 20-30.
42. Voss JJLP, Ford CA, Petrova S, Melville L,
Paterson M, Pound JD, Holland P, Giotti B,
Freeman TC, Gregory CD. Modulation of
macrophage antitumor potential by apoptotic
lymphoma cells. Cell Death Differ. 2017; 24(6):
971-983.
43. Kim YJ, Park SJ, Broxmeyer HE. Phagocytosis,
a potential mechanism for myeloid-derived
suppressor cell regulation of CD8+ T cell
function mediated through programmed cell
death-1 and programmed cell death-1 ligand
interaction. J Immunol. 2011; 187(5): 2291-2301.
44. Gieryng A, Kaminska B. Myeloid-derived
suppressor cells in gliomas. Contemp Oncol
(Pozn). 2016; 20(5): 345-351.
Received 14.08.2018

119

