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Abstract

Immunotherapy as an approach for cancer treatment is clinically promising. CD73, which is the enzyme that produces extra-
cellular adenosine, favors cancer progression and protects the tumor from immune surveillance. While CD73 has recently been
demonstrated to be a potential target for glioma treatment, its role in regulating the inflammatory tumor microenvironment
has not yet been investigated. Thus, this study explores the immunotherapeutic value of the CD73 blockade in glioblastoma.
The immuno-therapeutic value of the CD73 blockade was evaluated in vivo in immunocompetent pre-clinical glioblastoma
model. As such, glioblastoma-bearing rats were nasally treated for 15 days with a siRNA CD73-loaded cationic-nanoemulsion
(NE-siRNA CD73R). Apoptosis was determined by flow cytometry using Annexin-V staining and cell proliferation was ana-
lyzed by Ki67 expression by immunohistochemistry. The frequencies of the CD4*, CD8*, and CD4*CD25"€"CD39" (Treg)
T lymphocytes; CD11b*CD45"#" macrophages; CD11b*CD45'°Y-microglia; and CD206"-M2-like phenotypes, along with
expression levels of CD39 and CD73 in tumor and tumor-associated immune cells, were determined using flow cytometry,
while inflammatory markers associated with tumor progression were evaluated using RT-qPCR. The CD73 blockade by NE-
siRNA CD73 was found to induce tumor cell apoptosis. Meanwhile, the population of Tregs, microglia, and macrophages was
significantly reduced in the tumor microenvironment, though IL-6, CCL17, and CCL22 increased. The treatment selectively
decreased CD73 expression in the GB cells as well as in the tumor-associated-macrophages/microglia. This study indicates
that CD73 knockdown using a nanotechnological approach to perform nasal delivery of siRNA-CD73 to CNS can potentially
regulate the glioblastoma immune microenvironment and delay tumor growth by inducing apoptosis.
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Introduction

Gliomas are the most common primary brain tumors in
adults, of which glioblastoma (GB; grade IV glioma) is the
most aggressive and prevalent type [1, 2]. Since 2005, with
the confirmation of the clinical utility of temozolomide for
GB patients, no other chemotherapic agent has been added
to the standard treatment protocols [3]. In addition, complete
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resection of the tumor is not viable due to the highly invasive
potential of the tumor and the complexity of the central nerv-
ous system (CNS) [4, 5], which results in a poor prognosis
of ~ 14.6 months for patients [6].

According to the participation of the immune/inflamma-
tory response in cancer progression [7, 8], GB is charac-
terized by an extensive inflammatory infiltration process,
which is comprised by functionally impaired immune cells
and their secretion products. This results in a favorable
niche for tumor growth and chemoresistance [9, 10]. In
this context, macrophages and microglia correspond to
approximately 40% of the cells that are present in the GB
microenvironment and their infiltration correlates to poor
prognosis [11, 12]. We have already demonstrated that GB
cells play an immunomodulatory role, favoring M2-like
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macrophage polarization with consequent tumor cell pro-
liferation that mainly follows chemoresistance develop-
ment [13].

Regarding T lymphocytes, the number and infiltra-
tion of T CD8™ cells correlate to glioma grades, and were
reported to prolong the survival of patients [14]. On the
other hand, escape from immunosurveillance is partially
mediated by T-regulatory (Treg) lymphocytes that are pre-
sent at high levels in the GB microenvironment (GME). A
greater quantity of Treg cells is associated with reduced
survival and increased recurrence in patients with GB [15].
Therefore, an improved understanding of immunosuppres-
sion during GB progression will be valuable to develop
immunostimulatory therapies, with the aim to minimize
residual disease burden and increase clinical benefits [10].

Immunophenotyping—or the description of the form
and functioning of the immune system in the tumor micro-
environment—has emerged as an important factor in
understanding tumorigenesis, tumor survival, and utiliza-
tion potential against GB [16, 17]. Adenosine is one of the
immunosuppressive/immunomodulatory mediators that
is involved in cancer progression [18]. Ecto-nucleoside-
triphosphate-diphosphohydrolase (E-NTPDasel or CD39)
and ecto-5'-nucleotidase (CD73) play central roles in the
extracellular enzyme cascade, which converts immune-
activating ATP into immunosuppressive adenosine [19,
20]. Studies show that hematopoietic and non-hemat-
opoietic expression of CD73 contribute to tumor immune
escape, as adenosine suppresses cytokine production and
proliferation of both CD8* and CD4* T cells and induces
FOXP3, PD-1, and CTLA-4 expression [21, 22]. In addi-
tion, macrophages potentially suppress T cell function via
a range of mechanisms, including adenosine production,
which consequently activates P1 receptors and induces
M2-like macrophage polarization with consequent pro-
duction of pro-tumorigenic cytokines and factors, such as
IL-10, IL-6, MCP-1, and VEGF [23, 24]. Overall, this sug-
gests that adenosine plays an important role in modulating
the activity of tumor-infiltrating immune cells by limiting
their capacity to evoke anti-tumor immune responses.

Given the potential of CD73 as a target for cancer
therapy, our group previously demonstrated that CD73
silencing or pharmacological inhibition impairs in vitro
and in vivo GB growth [25]. We further developed a thera-
peutic strategy based on a nanotechnological approach for
CD73-siRNA delivery via nasal administration. Indeed,
treatment decreased to ~60% for in vivo GB growth
without toxicity induction [26]. However, the underlying
mechanism of the anti-GB effect of CD73 therapy was
not completely understood. Thus, this study evaluated the
impact of CD73 target therapy on the modulation of the
immune microenvironment in rat GB immunocompetent
model.
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Materials and methods
Maintenance of GB cell line

The C6 rat GB cell line was obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA). The
cells were grown and maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco Fisher Scientific, Pitts-
burgh, PA, USA) that contains 100 U/L penicillin/streptomy-
cin and 10% (v/v) fetal bovine serum (FBS) (Gibco, Fisher
Scientific, Pittsburgh, PA, USA). Cells were kept at 37 °C
in a humidified atmosphere with 5% CO,.

In vivo GB preclinical model

GB implantation was performed as previously described
[25]. C6 rat GB cells were suspended in 3 uL. of DMEM.
A total of 1.5x 10° cells were injected at a depth of 6.0 mm
into the right striatum (from bregma coordinates, 0.5 mm
posterior and 3.0 mm lateral) of anesthetized rats by intra-
peritoneal (i.p.) administration of ketamine/xylazine. All
procedures used in the current study adhered to the Prin-
ciples of Laboratory Animal Care from NIH and were
approved by the Ethical Committee of the Federal Univer-
sity of Health Sciences of Porto Alegre (protocol number
293/14).

Animal treatment and tumor sample preparation

Cationic nanoemulsion-CD73 siRNA complexes and ani-
mal treatments were performed as previously described
[26]. Five days after C6 GB cell implantation, the animals
were randomly divided into 2 groups: (1) animals that were
treated with vehicle PBS (control group) and (2) animals that
were treated with a cationic nanoemulsion that was loaded
with siRNA CD73 (NE-siRNA CD73R group). The formu-
lations were nasally administered to animals (10 pug/kg/twice
a day) for 15 consecutive days. After treatment, rats were
anesthetized and decapitated. The entire brain was removed,
and as described below, the samples were prepared for flow
cytometry, immunohistochemistry, and RT-qPCR (quantitate
reverse transcription PCR) analysis.

Flow cytometry analysis

After brain removal, tumor tissues (n=5) were transferred to
1.5 mL of 2 mg/mL collagenase IV in HBSS and dissociated
using a Pasteur pipette at 5 min intervals at a temperature
of 37 °C until they were completely homogenized. After 3
rounds of dissociation, the collagenase was inactivated with
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0.05 M EDTA in PBS (pH 7.4), and the cells were harvested
twice by centrifugation in PBS at 400xg for 6 min. Cells
were immediately counted and analyzed.

Annexin V flow cytometric staining technique

Apoptotic cells were quantified using AnnexinV staining.
Following tumor dissociation, a total of 1x10° cells were
centrifuged and suspended in a binding buffer, containing
PE-conjugated Annexin V, for 15 min of incubation. The
apoptotic cells were quantified by flow cytometry (FACS
Calibur, BD Bioscience, San Jose, CA, USA). The cells were
classified as follows: live (Annexin V™ cells) or apoptotic
(Annexin V7 cells).

Surface protein staining

Tumor-associated immune cells were phenotyped using
flow cytometry. Following tumor tissue dissociation, cells
were incubated with staining buffer (2% FBS in PBS) that
contains specific antibodies for the following markers: rab-
bit anti-rat CD39 and anti-rat CD73 primary antibodies
(1:200; both from http://ectonucleotidases-ab.com), rabbit
polyclonal anti-CD206 primary antibodies (1:200, ab64693,
Abcam, Cambridge, United Kingdom), and FITC-conju-
gated anti-rabbit secondary antibodies (1:1000, A-11008,
Molecular Probes, Eugene, OR, USA). The conjugated
antibodies were anti-rat CD4-APC, anti-rat CD8-FITC,
anti-rat CD25-PE, anti-rat CD45-PE, and anti-rat CD11b-
APC (all from BD Biosciences). Six different staining sets
were performed: (1) CD11b-APCP/CD45-PE/CD73-FITC,
(2) CD11b-APC/CD45-PE/CD206-FITC, (3) CD11b-APC/
CD45-PE/CD39-FITC, (4) CD4-APC/CD25-PE/CD73-
FITC, (5) CD4-APC/CD25-PE/CD39-FITC, and (6) CD8-
FITC. Secondary antibodies or isotype controls were used
as non-specific binding controls. At the end of the incuba-
tion period, cells were washed twice with a staining buffer
and 3x10° events were immediately analyzed using the BD
Accuri™ flow cytometer and C6 software (BD Bioscience).
Gate strategy applied to analyze immune cells is shown in
Supplementary Fig. 1 (Fig. 1S). Data were expressed as per-
centage of positive cells.

Immunohistochemical staining

Paraffin-embedded 5 pm formalin-fixed tissue sections were
deparaffinized and hydrated. Tissue sections were incubated
with rabbit polyclonal anti-Ki67 (1:200, ab15580, Abcam,
Cambridge, United Kingdom) overnight at 4 °C, followed by
incubation with biotinylated secondary antibodies and strepta-
vidin—avidin-biotin. The peroxidase reaction was carried out
using 3,3'diaminobenzidina tetrahydrochloride, according to
the manufacturer’s instructions. The Ki67 immunostained

sections were then counterstained with hematoxylin. For Ki67
immunoreactivity analysis, five digitized images (magnifica-
tion 40X) from the tumor bulk were obtained from each animal
using an optic camera that was connected to a microscope
(Olympus BX 50; Shinjuku, Tokyo, Japan). Cells exhibiting
nucleus with homogeneous, granular, brown, or dark brown
staining were considered Ki67 positive. The percentage of
positive cells was expressed as the ratio between the number
of positive tumor cells and the total number of tumor cells
counted in the field. Counting was performed manually using
an image processing program (ImageJ, http://imagej.nih.gov/
ij/). Data were expressed as percentage of Ki67 positive glioma
cell nuclei.

RNA Isolation and RT-qPCR

After brain removal, tumor tissues (n=3) were removed,
immediately preserved in RNAlater (Sigma, St. Louis,
MO, USA), and frozen at —80 °C for further analysis. Total
RNA from the tumor tissues was isolated using Trizol rea-
gent (15596026; Life Technologies, Carlsbad, CA, USA) in
accordance with manufacturer’s instructions. RNA concentra-
tion and purity were assessed in a Nanodrop ND1000 spectro-
photometer (Nanodrop Technologies, Rockland, MA, USA).
cDNA was synthesized using M-MLV Reverse Transcriptase
(M1302-40KU; Sigma, St. Louis, MO, USA) and 1 pg of the
total RNA. RT-qgPCR samples were prepared in a final volume
of 12.5 pL, which was composed of 6.25 pL of FastSYBR-
Green Master Mix (4385618; Applied Biosystems, Foster
City, CA, USA), 0.4 puL of primer pair solution (0.2 pM final
concentration of each primer), 5.05 pL of water, and 1 pL of
diluted cDNA. Primer sequences are listed in supplementary
Table 1 and were selected according to Gieryng et al. [27]. RT-
gqPCRs were carried out in duplicate in an Applied Biosystems
StepOnePlus Real-Time PCR cycler. All results were analyzed
using the 2724 method [28]. TBP expression was used as the
internal control gene for all relative expression calculations.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 7
software (Prism GraphPad Software, San Diego, CA, USA).
Further, data were expressed as mean + SEM and a Student’s
t test was performed. Differences were considered statically
significant for p values of <0.05.
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Fig.1 NE-siRNA CD73 treatment induces tumor cell apoptosis in a
preclinical glioblastoma model. Rats with implanted GB were treated
twice a day with NE-siRNA CD73 (10 pg/kg) for 15 days. After treat-
ment, the rats were decapitated, and the entire brain was removed and
analyzed. a, b Representative pictures of tumor sections stained with
HE, ¢ tumor tissues were dissociated and the apoptosis index was
determined by immunostaining with Annexin V, followed by flow

Results

NE-siRNA CD73 treatment impairs in vivo
glioblastoma growth by inducing apoptosis

We previously demonstrated that CD73 silencing using
cationic nanoemulsion, which is employed as a strategy for
CD73 siRNA delivery to CNS, significantly reduced tumor
growth. However, the mechanism of cell death has not been
identified [26]. To address this issue, glioma-bearing Wistar
rats were nasally treated with NE-siRNA CD73 (15 days;
12/12 h) and cell death was analyzed by flow cytometry,
as described in the “Materials and Methods” section. As
expected, the treatment delayed tumor growth (Fig. 1; panels
a, b) and induced a 10% increase in apoptosis, compared
to controls (35.1% vs 44.9% of Annexin V positive cells
in control and treated rats, respectively; Fig. 1, panel c).
The NE-siRNA CD73 treatment reduced tumor volume by

@ Springer

cytometry, and d—f GB sections were excised and tumor malignancy
was analyzed by immunohistochemistry with Ki67 (arrows: mitotic
cells). The values represent the mean + SEM from five animals. *indi-
cates a significant difference from the GB control group, as deter-
mined by a Student’s ¢ test. NE-siRNA CD73: siRNA CD73-loaded
cationic nanoemulsion; GB: glioblastoma

~60-70% when compared to control, which is in according
to our previous publication [26] (data not shown). However,
Ki67 immunostaining, which is indicative of the mitotic
index, was not affected by the treatment (Fig. 1, panels d—f),
which suggests that the antiglioma effect observed may be
associated with GME modulation, rather than cell prolifera-
tion inhibition.

NE-siRNA CD73 treatment decreases cell infiltration
of microglia, macrophages, and Treg lymphocytes
in GB tissue

The involvement of tumor-associated immune cells in the
antiglioma effect that is induced by NE-siRNA CD73 ther-
apy was evaluated. The presence of microglia, macrophages,
and T CD4", Tregs, and CD8* lymphocytes in GB tissue
from control and treated animals was determined by flow
cytometry (Figs. 2, 3). According to the role of TAM and
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Fig.2 Tumor-associated macrophage and microglial cells are
decreased by treatment with NE-siRNA CD73. Rats with implanted
GB were treated with NE-siRNA CD73 as described in Fig. 1. After
tumor dissociation, the frequencies of macrophages, microglia, and
activated alternative phenotypes were determined by immunostain-
ing, followed by flow cytometry. The percentages of a microglia
(CD11b*CD45""), b macrophages (CD11b*CD45"e"), ¢ M2-like

GAM in GB malignity, the treatment of glioma-bearing
rats with NE-siRNA CD73 nearly abolished the presence
of microglial cells (from 3.4+ 1.9 to 0.2 +0.1%; Fig. 2,
panel a) and macrophages (from 1.22+0.3 to 0.4 +0.1%;
Fig. 2, panel b) from the GME. In addition, decreased
levels of CD206% cells, which are a marker of M2-like
polarization, were observed in microglia (from 43.0+ 14.4
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microglia (CD11b*CD45°"CD206%), and d M2-like macrophages
(CD11b*CD45"#"CD206%) were determined. The values represent
the mean+SEM from five animals. *indicates a significant differ-
ence from the GB control group, as determined by a Student’s ¢ test.
NE-siRNA CD73: siRNA CD73-loaded cationic nanoemulsion; GB:
glioblastoma

to 26.3 +18.9%; Fig. 2, panel c¢) and macrophages (from
15.5+10.6 to 6.4 +5.0%, Fig. 2, panel d).

Interestingly, while NE-siRNA CD73 therapy did not
change the global percentage of CD4" and CD8* lym-
phocytes in the GME (Fig. 3, panels a , b), the CD4"
lymphocyte population was redistributed following treat-
ment. Consistent with the antiglioma effect of formulation,
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Fig.3 CD73 targeting therapy decreases the glioblastoma-associated
Treg lymphocytes. Rats with implanted GB were treated with NE-
siRNA CD73 as described in Fig. 1. After tumor dissociation, the
frequency of T lymphocytes was determined by immunostaining, fol-
lowed by flow cytometry. The percentages of a T-helper (CD4%), b
T-cytotoxic (CD8%), ¢ T-regulatory (CD4*CD25"E"CD39), and d

a 40% decrease of the Treg population was observed in
treated glioma-bearing rats (from 5.1 +0.6 to 3.6 +0.6%;
Fig. 3, panel c). Lastly, the pro- and anti-inflammatory
cytokine composition of the GME was further determined
in GB tissues by RT-qPCR. Interestingly, NE-siRNA
CD73 treatment increased IL-6, CCL17, and CCL22
mRNA expression by 2-, 5-, and 2.2-fold, respectively,
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T-effector (CD4*CD25"%) lymphocytes were determined. The values
represent the mean+ SEM from five animals. *indicates a significant
difference from the GB control group, as determined by a Student’s ¢
test. NE-siRNA CD73: siRNA CD73-loaded cationic nanoemulsion;
GB: glioblastoma

(Fig. 4, panels c, g, h), while the mRNA levels of TNF-
a, IL-1p, NOS-2, CCL2, IL-10, TGF-p, TGM2, Arg-1,
and CXCL10 were not changed, compared to the controls.
Overall, these results are consistent with the finding that
NE-siRNA CD73 therapy reduces macrophage/microglia
and Treg recruitment to the GME, which consequently
impairs tumor growth.
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Fig.4 NE-siRNA CD73 treatment changes the cytokine profile in
the glioblastoma microenvironment. Rats with implanted GB were
treated with NE-siRNA CD73 as described in Fig. 1. After tumor dis-
sociation, macrophage/microglia phenotype markers were determined
using RT-qPCR. The relative expression levels of a TNF-a, b IL-1f,
c IL-6, d IL-10, e TGF-, f NOS2, g CCL17, h CCL23, i CXCL10, j

NE-siRNA CD73 treatment of glioma-bearing rats
selectively reduces CD73 expression in GB tissue
and tumor-associated microglia/macrophage cells

We have previously shown, using an IHC technique, that
NE-siRNA CD73 therapy reduced CD73 expression within

O Control

O NE-siRNACD73 O Control O NE-siRNA CD73

Arg-1, k TGM2, and 1 CCL2 were determined. The values represent
the mean+SEM from three animals. *indicates a significant differ-
ence from the GB control group, as determined by a Student’s 7 test.
NE-siRNA CD73: siRNA CD73-loaded cationic nanoemulsion; GB:
glioblastoma

the bulk tumor [26]. As such, we hypothesized that the
CD73 siRNA targets both tumor cells and non-transformed
cells, including immune cells, from the GME. Given the
involvement of CD73 in GB progression, 65% of the cells
that comprise the GME were CD73 positive. In addition,
nasally administered NE-siRNA CD73R treatment reduced
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its global expression by ~20% (Fig. 5, panel a). Interestingly,
tumor-associated microglia and macrophages exhibited
high CD73 expression, which was selectively knockdown
by CD73 siRNA therapy (81.9+11.1 vs 47.5+25.2% for
microglia; 61.1 +10.8 vs 36.1 +11.1 for macrophages, from
control and treated rats, respectively; Fig. 5, panels b, c).
Further, CD73 was found to be poorly expressed in CD4*
lymphocytes that are present in the GME (~2%), given a
previous finding regarding CD73 global expression in tumor
tissues [29], which were not affected by NE-siRNA CD73
treatment (Fig. 5, panels d—f). Lastly, given the fundamental
role of the CD39-CD73 axis in extracellular ATP metabo-
lism towards adenosine in cancer progression [19, 30],

CD39 expression was also determined (Fig. 6, panels a—f).
Consistent with this, approximately 20-30% of the GME
cells were CD39 positive in both control and treated glioma-
bearing animals (Fig. 6, panel a). CD39 expression in tumor-
associated immune cells was further investigated, indicat-
ing that ~60-80% and ~50% of microglia/macrophage and
Treg lymphocytes, respectively, were CD39 positive cells
(Fig. 6, panels b—f). Specifically, NE-siRNA CD73 treat-
ment was not found to change CD39 expression in any of
the analyzed cells. Overall, the findings of the current study
suggest that CD73 siRNA therapy reduces specifically CD73
in both tumor cells and microglia/macrophage cells. These
data are consistent with the finding of decreased adenosine
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Fig.5 CD?73 expression is selectively downregulated in glioblastoma-
associated macrophages and microglial cells following NE-siRNA
CD73 therapy. Rats with implanted GB were treated with NE-siRNA
CD73 as described in Fig. 1. After tumor dissociation, CD73 expres-
sion was determined by immunostaining, followed by flow cytometry.
CD73 expression was analyzed using a gating strategy that identified
the cells of the glioblastoma microenvironment. CD73 expression

@ Springer

was also analyzed in a tumor tissues, b CD1 1b*CD45"Y microglia,
¢ CD11b*CD45"8" macrophages, and d CD4*, e CD4*CD25"Y, and
f CD4*CD25"e" lymphocytes. The values represent the mean + SEM
from five animals. *indicates a significant difference from the GB
control group, as determined by a Student’s ¢ test. NE-siRNA CD73:
siRNA CD73-loaded cationic nanoemulsion; GB: glioblastoma
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Fig.6 CD39 expression in tumor microenvironment is not changed
by the treatment with NE-siRNA CD73. Rats with implanted GB
were treated with NE-siRNA CD73 as described in Fig. 1. After
tumor dissociation, CD39 expression was determined by immu-
nostaining, followed by flow cytometry. CD39 expression was ana-
lyzed using a gating strategy that identified the cells of the glioblas-

levels in the liquor of glioma-bearing treated animals [26],
and suggest that CD73 knockdown in the GME, which
occurs primarily in macrophage/microglia cells, promotes
the observed antiglioma response.

Discussion

The present study demonstrates that CD73 knockdown
via nasal administration of a siRNA CD73-loaded cati-
onic nanoemulsion reduces in vivo GB growth by inducing
apoptosis and modulating GME composition. NE-siRNA
CD73 therapy was found to decrease the infiltration of mac-
rophages, microglia and Tregs; modify cytokine repertory

toma microenvironment. CD39 expression was also analyzed in a
tumor tissues, b CD11bTCD45"% microglia, ¢ CD1 1b*CD45"e" mac-
rophages, and d CD4*, e CD4*CD25"", and f CD4*CD25"e" 1ym-
phocytes. The values represent the mean+SEM from five animals.
NE-siRNA CD73: siRNA CD73-loaded cationic nanoemulsion; GB:
glioblastoma

expression in the GME, including increase levels of IL-6,
CCL17, and CCL22; and selectively knockdown CD73
expression in tumor and tumor-associated macrophages and
microglial cells. We propose that CD73 silencing and the
consequent reduction of extracellular adenosine levels revert
the tumor-induced blockage of surveillance, which permits
T cell mediated antitumor responses.

In a proof of concept study, our research group previously
demonstrated that alterations in purinergic signaling are
involved in glioma progression and that CD73 downregula-
tion reduces in vitro and in vivo GB growth [25, 31-34].
Therefore, a cationic NE was developed aiming to nasally
deliver CD73siRNA sequences to CNS [26]. Notably, the
NE-siRNA CD73 complexes were efficient to knockdown
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in vitro and in vivo CD73 expression in the tumor tissue,
which was followed by a markedly reduction of in vivo glio-
blastoma growth. The treatment also decreased the expres-
sion of CD31, a marker of angiogenesis, as well as the
adenosine levels in the liquor. These results indicate that NE-
siRNA CD73 delivery via nasal route as a new strategy for
gene therapy of brain tumors [26]. Indeed, CD73 has been
identified as an interesting target for cancer immunotherapy,
as adenosine plays a crucial role in tumor-associated immu-
nosuppression, however, its participation in GME modula-
tion has not yet been elucidated [20, 35]. Thus, the present
study aims to understand the impact of CD73 knockdown on
a primary brain tumor immune microenvironment using GB
orthotropic immunocompetent rat model. Animal C6 rodent
glioma model was selected because it recapitulates the same
innate and adaptive immune responses that are observed in
human GB, including immune infiltrate composition, gene
expression profiles, and histopathological similarities [36].

NE-siRNA CD73 therapy of glioma-bearing rats was
found to selectively reduce macrophage/microglia recruit-
ment to the GME, as well as CD73 expression. Previously,
studies demonstrated predominant CD73 expression in
tumor and myeloid-derived cells and that GB cells utilize
CD73 expression of non-transformed cells from the GME to
increase tumor invasion and angiogenesis [37]. Adenosine
receptors activation induces M2-like macrophage/microglia
polarization, resulting in IL-10 and VEGF production in
tumor microenvironment [38]. Thus, CD73 downregulation
in macrophages decreases adenosine levels, which conse-
quently may promote M1-antitumor macrophage/microglia
polarization [38].Interestingly, a recent study identified a
unique population of CD73"e" macrophages in human
glioblastoma that persists after anti-PD-1 therapy, and the
experiments using CD73 ™'~ mice indicated that the absence
of CD73 improved the survival of glioblastoma-bearing
mice treated with anti-CTLA-4 and anti-PD-1 [39]. Taken
together, these data point the potential of NE-siRNA CD73
as a strategy to improve the classical immunotherapy for
glioblastoma by impairing TAM/GAM-mediated pro-tumor
responses.

Given the various pro-tumor actions that have been
attributed to TAM/GAM, including immunosuppression of
T cell responses, and Treg cell induction [40], we further
assessed the correlation among TAM/GAM, CD73 down-
regulation, and lymphocyte recruitment to the GME. We
hypothesized that the reduction of both adenosine and tra-
ditionally inhibitory cells in the GME removes the “brake”
from effector cells, such as T CD8* and NK cells, which
attack the tumor and in turn, lead to the observed tumor
cell apoptosis. Consistent with this, NE-siRNA CD73 treat-
ment decreased the infiltration of Treg lymphocytes, while
no change was observed in the total percentage of the CD4™*
or CD8* lymphocyte populations. To an extent, these results
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suggest that CD73 expression in TAM/GAM modulates its
functions, which further affects the Treg composition in
the GME. Indeed, Treg lymphocytes express high levels of
A,,, and using a specific antagonist blocked Treg-mediated
immunosuppression [41]. In addition, NE-siRNA CD73
induces IL-6, CCL17, and CCL22 expression in the GME.
Although these cytokines are traditionally associated with
tumor progression; recent data from literature suggest that
they may exhibit dual effects in a context-dependent manner.
For example, IL-6 signaling has emerged as a tumor growth
inhibitor by the mobilization of anti-tumor T-cell immune
responses, induction of the proliferation/survival of lympho-
cytes during active immune responses, and presentation of
an effective response against tumors [42, 43]. CCL22 is a
potent T-cell chemoattractant and its secretion is increased
in APC phenotype cells [44]. Lastly, the role of CCL17 in
glioblastoma remains unclear. Thus, given the effects of NE-
siRNA CD73 in reducing the infiltration of immune cells
that traditionally support the progression of brain tumors
and the modulation of chemoattractant cytokines, these data
provide new insights into the mechanism by which CD73
knockdown reduces in vivo GB progression [25, 26].

In conclusion, we described that a nasally administered
siRNA CD73-loaded cationic nanoemulsion decreased
CD73 expression in GB cells, macrophages, and microglia.
The consequent reduction of adenosine levels may facilitate
the inhibition of the infiltrating Treg lymphocytes, mac-
rophages, and microglia in the brain, which are critical for
GB progression. Overall, our results demonstrate the impor-
tance of CD73 in controlling immune cells that are recruited
to the GME. However, future studies are required to better
understand the long-term effects of low levels of adenosine
on the modulation of immune cell phenotypes.
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