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Tropism of neural stem cells (NSCs) to hypoxic tumor areas
provides an opportunity for the drug delivery. Here, we demon-
strate that NSCs effectively transport antisense oligonucleo-
tides (ASOs) targeting oncogenic and tolerogenic signal
transducer and activator of transcription 3 (STAT3) protein
into glioma microenvironment. To enable spontaneous, scav-
enger receptor-mediated endocytosis by NSCs, we used previ-
ously described CpG-STAT3ASO conjugates. Following uptake
and endosomal escape, CpG-STAT3ASO colocalized with
CD63+ vesicles and later with CD63+CD81+ exosomes. Over
3 days, NSCs secreted exosomes loaded up to 80% with CpG-
STAT3ASO. Compared to native NSC exosomes, the CpG-
STAT3ASO-loaded exosomes potently stimulated immune
activity of human dendritic cells or mouse macrophages,
inducing nuclear factor kB (NF-kB) signaling and inter-
leukin-12 (IL-12) production. Using orthotopic GL261 tumors,
we confirmed that NSC-mediated delivery improved oligonu-
cleotide transfer from a distant injection site into the glioma
microenvironment versus naked oligonucleotides. Corre-
spondingly, the NSC-delivered CpG-STAT3ASO enhanced
activation of glioma-associated microglia. Finally, we demon-
strated that NSC-mediated CpG-STAT3ASO delivery resulted
in enhanced antitumor effects against GL261 glioma in mice.
Peritumoral injections of 5 � 105 NSCs loaded ex vivo with
CpG-STAT3ASO inhibited subcutaneous tumor growth more
effectively than the equivalent amount of oligonucleotide
alone. Based on these results, we anticipate that NSCs and
NSC-derived exosomes will provide a clinically relevant strat-
egy to improve delivery and safety of oligonucleotide therapeu-
tics for glioma treatment.

INTRODUCTION
Malignant gliomas (MGs) are rapidly fatal despite multimodal treat-
ments.1 The oncogenic signal transducer and activator of transcrip-
tion 3 (STAT3) is a transcription factor and an essential promoter
of tumorigenesis and resistance to therapies in a variety of human
cancers, including malignant glioma.2–4 STAT3 is also a central im-
mune checkpoint regulator in human cancers and in tumor-associ-
ated myeloid cells, such as dendritic cells (DCs), macrophages and
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microglia, and myeloid-derived suppressor cells (MDSCs).2,5,6 Direct
downstream gene targets of STAT3 include immunosuppressive pro-
teins, such as PD-L1 and arginase-1, while indirectly, STAT3 inter-
feres with expression and processing of major histocompatibility
complex (MHC) class II molecules in antigen-presenting cells
(APCs).3 The lack of US Food and Drug Administration (FDA)-
approved, small-molecule STAT3 inhibitors prompted the develop-
ment of oligonucleotide-based STAT3 inhibitors, such as STAT3
small interfering RNA (siRNA),7 decoy,8 or antisense9 oligonucleo-
tides (ASOs).8,9 To improve the in vivo targeting of STAT3ASO
into the microenvironment of solid tumors, we recently generated
CpG-STAT3ASO conjugates that undergo spontaneous uptake via
scavenger receptors on target cells.10 Target cell populations include
Toll-like receptor-9 (TLR9)-expressing myeloid cells in the glioma
microenvironment, such as macrophages and microglia cells and
granulocytic MDSCs,11,12 as well as glioma stem-like cells.13 TLR9
stimulation using intracerebral injections of CpG oligodeoxynucleo-
tides (ODNs) were tested in earlier clinical studies in MG patients.
However, CpG ODNs as a monotherapy were not effective and are
limited by a potential risk of inducing dangerous inflammatory re-
sponses with potential for brain swelling.14

Neural stem cells (NSCs) emerged as an attractive cellular strategy for
treatment of central nervous system diseases. NSCs show ability to
traffic into hypoxic areas of tumors, as initially described in glioma
and in secondary brain metastases and later in several other solid tu-
mors.15,16 The follow-up studies explored the potential of using NSCs
for the delivery of antitumor agents, such as chemotherapeutic drugs,
small-molecule inhibitors, antibodies, cytokines, and even oncolytic
viruses, but not oligonucleotide therapeutics (ONTs). The NSC-
mediated delivery improved tumor selectivity and half-lives of anti-
tumor agents, especially in preclinical models of brain tumors.17

The clinical grade NSCs are human leukocyte antigen (HLA) class
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II-negative and chromosomally and functionally stable over multiple
passages. The safety and tumor selectivity of this approach was vali-
dated in the recent first-in-human clinical trial in high-grade glioma
patients, which demonstrated their clinical safety without any dose-
limiting toxicities, immunotoxicities, or humoral responses.18 The
study confirmed that these NSCs migrated to distant tumor areas, re-
sulting in tumor-localized chemotherapy production. Importantly,
the autopsy results from patients that died from progressive disease
after over 1 or 2 months after NSC injection did not find any evidence
of NSC tumorigenicity.18 While relatively little is known about mech-
anisms of transport of therapeutic cargo from these NSCs to target
cells, it is likely to involve secretory, extracellular vesicles. Recent
studies indicated that NSCs are sensitive to various TLR ligands,
including CpG ODNs, and thus contribute to immune activity in
the brain.19,20

Exosomes are secreted by cells through endosomal pathway, and they
play a key role in intercellular communication by shuttling biomole-
cules, such as proteins, lipids, mRNAs, and microRNAs (miRNAs),
between cells.21–23 In particular, increasing evidence suggests that tu-
mor-derived exosomes play a pivotal role in promoting tumorigenesis
by mediating metastasis and immune responses.24 Recent studies
have revealed that tumor exosomes promote cancer metastasis and
systemically suppress the immune system using immune checkpoint
inhibition via PD-L1/PD1 or induction of STAT3 signaling.25–27

Moreover, with a size range of 40–200 nm, exosomes emerged as
promising carriers for anticancer drugs and immunotherapeu-
tics.28–30 One of the early proof-of-concept studies demonstrated
that dendritic cell-derived exosomes can be engineered to deliver
therapeutic siRNA specifically to cellular targets in mouse brain.31

However, the challenges of engineering exosomes for specific cellular
targets and in large-scale manufacturing so far hindered their thera-
peutical application.32 Here, we assessed the feasibility of using
clinically tested NSCs18 and NSC-derived exosomes as vehicles for
the delivery of ONTs into the glioma microenvironment.

RESULTS
NSCs encapsulate CpG-STAT3ASO into extracellular vesicles

We previously generated a strategy for the targeted delivery of ONTs,
such as siRNA or ASO, to various types of immune and malignant
cells as conjugates with CpG ODNs.6,10 As demonstrated earlier,
phosphorothioated CpG conjugates with siRNA or ASO are rapidly
internalized via scavenger-receptor-mediated endocytosis into target
cells, followed by endosomal escape and target knockdown.10,33 To
assess whether human NSCs could serve as a vehicle for CpG-ASO
conjugate transport, we investigated the uptake and intracellular
fate of these oligonucleotides chemically modified for protection
from rapid nuclease degradation.10 In fact, NSCs efficiently internal-
ized fluorescently labeled CpG-STAT3ASOCy3 already at 3 h, and the
intracellular levels of the oligonucleotide increased further for up to
24 h as measured using flow cytometry (Figure 1A). Confocal micro-
scopy imaging indicated that the internalized CpG-STAT3ASOCy3

colocalized partly with CD63+ cellular vesicles in NSC cytoplasm,
which to a large extent represent multivesicular bodies (MVBs) (Fig-
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ure 1B).34 Since MVBs are a well-known step in the biogenesis of exo-
somes, this colocalization may suggest that CpG-STAT3ASO un-
dergoes intracellular sorting into the exosome-producing cell
compartments. We next isolated and characterized extracellular ves-
icles (EVs) present in the media of CpG-STAT3ASO-treated or naive
NSCs following the criteria as previously described.35,36 Compared to
naive EVs, the size of EVs derived from NSCs incubated with CpG-
STAT3ASO was minimally increased as determined by NanoSight
(Figure 1C), but both types of EVs had similar morphology as as-
sessed using electron microscopy (Figure 1D). The flow cytometric
analysis of EVs indicated expression of key exosomal markers
CD63 and CD81, but not cell membrane-derived CD9, which is asso-
ciated predominantly with ectosomes (Figure 1E).37 Altogether, these
results underline the ability of NSCs to encapsulate CpG-STAT3ASO
into extracellular vesicles.

Secretion of exosomes carrying CpG-STAT3ASO by NSCs is

time and dose dependent

Mammalian cells, such as mesenchymal stem cells, can be genetically
engineered for long-term production of exosomes containing non-
endogenous nucleic acids, such as miRNA and siRNA.38 Given that
synthetic CpG-ASO conjugates only transiently accumulate in target
NSCs, we assessed the kinetics and efficacy of oligonucleotide loading
into exosomes using flow cytometry. After 1 day of NSCs incubation
with CpG-STAT3ASOCy3 (5 mM), the percentage of fluorescently
labeled EVs isolated from the culture media reached �80% at 24 h
and decreased over time from �55% at 48 h to �25% at 96 h (Fig-
ure 2A). The EV loading efficacy as measured at 48 h clearly increased
in correlation with the oligonucleotide concentration from 0.5 to
5 mM (Figure 2B). NSCs treated with 2–5 mM CpG-STAT3ASOCy3

produced 33%–65% of Cy3+ EVs. At all tested oligonucleotide con-
centrations, CpG-STAT3ASOCy3 was found almost exclusively in
CD63+CD81+ exosome population (Figure 2C). As expected, the
amount of encapsulated EV(CpG-STAT3ASO) derived from 1 �
106 NSCs was correlated with the NSC loading dose as measured us-
ing spectrophotometer (Figure 2D). Even at the maximum amount of
the exosome-encapsulated oligonucleotide (300 ng/1 � 106 NSCs),
we did not observe significant changes in the total exosomal protein
content (Figure 2E). Importantly, the NSC-dependent method of EV
loading was not selective to CpG-STAT3ASO, as demonstrated by
effective EV encapsulation of CpG conjugated to an unrelated AON
as measured using two independent methods (Figure S1). In parallel
studies, we also confirmed that other human and mouse cells also
have ability to spontaneously load CpG conjugates into exosomes,
indicating broader applicability of this approach (Figure S2). Overall,
our findings underscored feasibility and simplicity of using NSCs as a
source of encapsulated therapeutic EV(CpG-STAT3ASO).

Exosome-encapsulated CpG-STAT3ASO retains

immunostimulatory potential

While immune properties of NSC-derived exosomes are less charac-
terized, recent studies suggested that they have similar anti-inflam-
matory properties to MSC-derived exosomes.39 Thus, we decided to
investigate whether loading NSC exosomes with a synthetic and



Figure 1. Neural stem cells rapidly internalize and process CpG-STAT3ASO, which results in secretion of oligonucleotide-containing exosomes

(A) NSCs were incubated with CpG-STAT3ASOCy3 (500 nM), and the oligonucleotide uptake was assessed using flow cytometry at various times. (B) Intracellular coloc-

alization of CpG-STAT3ASOCy3 with CD63+ vesicles in NSC cytoplasm. Confocal microscopic imaging of NSCs treated with CpG-STAT3ASOCy3 (250 nM) for 3 h; scale bar

represents 10 mm. (C–E) Characterization of NSC-derived exosomes with or without prior incubation with 2 mM of CpG-STAT3ASOCy3 for 24 h. After washing and replacing

media, cells were incubated for 48 h before harvesting media and isolating EVs. Size and concentration of EVs isolated using ultracentrifugation were measured using

NanoSight NS300 (C), and EV morphology was assessed using transmission electron microscopy (D); scale bars represent 100 mm. The isolated EVs were captured using

anti-CD63 beads, and the expression of exosome-specific surface antigens was assessed using flow cytometry (E). Shown are representative results from one of three

independent experiments.
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potently immunostimulatory CpG-STAT3ASO10 will change their
immune properties. First, we tested the effect of native and CpG-STA-
T3ASO-loaded exosomes on human monocyte-derived dendritic
cells (mDCs). The mDCs were differentiated from human monocytes
and then incubated for 24 h with exosomes carrying CpG-STA-
T3ASO (�100 nM oligonucleotide concentration), native exosomes,
or naked CpG-STAT3ASO (500 nM). We measured mRNA levels of
IL12, as a critical indicator of DC activation, and STAT3 gene target
using real-time qPCR. As shown in Figure 3A, EV(CpG-STAT3ASO)
showed enhanced stimulation of IL12 expression compared with
native EVs as well as naked CpG-STAT3ASO in the equimolar
amount. Both encapsulated and naked CpG-STAT3ASO significantly
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 613
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Figure 2. Time- and dose-dependent secretion of

exosomes carrying CpG-STAT3ASO by NSCs

(A–C) NSCs were treated with various concentrations of

CpG-STAT3ASOCy3 for 24 h and then culture media were

replaced and EVs were isolated using ultracentrifugation

and anti-CD63 beads at indicated times. Time- (A) and

dose-dependent (B) effects on the percentage of the

oligonucleotide-loaded exosomes secreted by NSCs;

means ± SD (n = 3). (C) NSC-derived CD63+CD81+ exo-

somes are a major vesicle population carrying CpG-STA-

T3ASOCy3 as assessed by flow cytometry. (D and E) The

amounts of encapsulated CpG-STAT3ASOCy3 (D) or the

secreted total EV proteins (E) were measured using

absorbance (564 nm) or colorimetric BCA assay, respec-

tively, and normalized for 1 � 106 NSCs; means ± SD (n =

3).
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reduced target STAT3 expression, although the knockdown effect of
EV(CpG-STAT3ASO) was slightly reduced (Figure 3A). We further
evaluated the efficacy of NSC-derived, EV-encapsulated CpG-STA-
T3ASO on mouse immune cells by measuring maturation of bone-
marrow-derived-macrophages using flow cytometry. Macrophages
were treated for 24 h with EV(CpG-STAT3ASO) (�50–110 nM
equivalent oligonucleotide concentration), native exosomes, or naked
oligonucleotide (250 nM) and lipopolysaccharide (LPS) as a positive
control. EV(CpG-STAT3ASO) induced significant and dose-depen-
dent immune activation as measured by an increased percentage of
CD11b+MHCHICD40+macrophages similar to the effect of the naked
CpG-STAT3ASO and LPS (Figure 3B). Treatment with naive EVs ap-
614 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
peared to inhibit macrophage activation
compared with untreated cells, suggesting immu-
nosuppressive properties of NSC-derived exo-
somes. The immunostimulatory effects of
EV(CpG-STAT3ASO) correlated also with the
enhanced stimulation of immunostimulatory nu-
clear factor kB (NF-kB) signaling compared with
naive NSC EVs. As measured using RAW-Blue
macrophages, stably expressing NF-kB-driven
reporter gene, we observed dose-dependent
increase of NF-kB activation by EV(CpG-STA-
T3ASO) for up to 10-fold upregulation compara-
ble to the effect of naked oligonucleotide (Fig-
ure 3C). Altogether, these experiments provide
evidence that the CpG-STAT3ASO encapsula-
tion did not reduce immunostimulatory proper-
ties of this molecule but rather enhanced the
potency.

NSC/EV-delivered CpG-STAT3ASO activates

glioma-associated myeloid cells and inhibits

tumor progression in mice

The NSC ability to migrate into hypoxic tumor
areas is an attractive opportunity for drug deliv-
ery, especially to brain tumors.16 To determine
the feasibility of using NSCs for the delivery of encapsulated
EV(CpG-STAT3ASO), we first assessed the effect of the oligonucleo-
tide alone on NSC viability and migration in vitro. As shown in Fig-
ure 4A, CpG-STAT3ASO was not cytotoxic to NSCs at any tested
concentration. This is expected since the immortalized NSCs used
in our studies (HB1.F3.CD) stably express v-myc.17 Therefore, they
can maintain myc-dependent survival signaling, even in the absence
of STAT3, which is a key upstream regulator of this pathway in stem
cells.2,40 In addition, the NSC migration triggered by U251 glioma
cell-conditioned media or by SDF-141 was not significantly affected
for up to 5 mMdose of CpG-STAT3ASO, as measured using transwell
assays (Figures 4B and S3). Thus, we selected to load NSCs using



Figure 3. EV-encapsulated CpG-STAT3ASO retains

biological activity

(A) The effect of EVs (isolated using precipitation-based

method) with or without CpG-STAT3ASO on human im-

mune cells. Human mDCs were incubated for 24 h with

CpG-STAT3ASO-loaded EVs (200 mg/mL, with oligonu-

cleotide concentration �100 nM), 200 mg/mL of empty

exosomes, or naked CpG-STAT3ASO (500 nM). The

expression of IL12 (left) and STAT3 mRNAs (right) were

measured using real-time qPCR. Shown are representative

results using mDCs derived from two donors in triplicates;

means + SD; *p < 0.05, ***p < 0.001. (B) The encapsulated

CpG-STAT3ASO dose-dependently activates mouse

bone-marrow-derived macrophages. Differentiated mac-

rophages were treated for 24 h as indicated before flow

cytometric assessment of immune activation markers,

such as MHC class II complexes and CD40 costimulatory

molecule. Naked CpG-STAT3ASO (250 nM) and LPS

(100 ng/mL) were used as positive controls; means + SD.;

***p < 0.001 (C) The encapsulated CpG-STAT3ASO dose-

dependently activates NF-kB signaling in macrophages.

RAW-Bluemacrophages expressing NF-kB-SEAP reporter

gene were treated for 24 h using EV(CpG-STAT3ASO) at 50

or 100 mg/mL protein (containing �25 or 50 nM oligonu-

cleotide concentrations) or naked CpG-STAT3ASO

(250 nM). The NF-kB activity was assessed colorimetrically;

shown are means + SD; ***p < 0.001.
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2 mM CpG-STAT3ASO concentration in further studies on the
EV(CpG-STAT3ASO) activity in vivo.

Our recent studies demonstrated superior effects of CpG-STAT3ASO
compared with STAT3ASO alone or TLR9 stimulation alone against
solid tumor models.10 CpG-STAT3ASO was also effective against
GL261 glioma when used at high 5 mg/kg intratumoral dosing (Fig-
ure S4). To test the feasibility of NSC-mediated delivery of CpG-STA-
T3ASO into the intracranial glioma microenvironment, we first
compared biodistribution of fluorescently labeled oligonucleotides
loaded into NSCs or injected naked at a similar estimated amount
(�150 ng based on the results in Figure 2D). NSCs or oligonucleotides
were injected peritumorally into the brain parenchyma in the vicinity
of orthotopic GL261 tumors. As shown in Figure 4C, the percentage
of CpG-STAT3ASOCy3 in the tumor-associated myeloid cells, such as
microglia, macrophages, and MDSCs, was significantly elevated by
the NSC-mediated oligonucleotide delivery compared with the injec-
tion of oligonucleotide alone. In contrast, no detectable fluorescent
signal from either treatment was detected in the opposite tumor-
free brain hemisphere. The successful NSC-mediated delivery of
CpG-STAT3ASOCy3 to glioma-associated microglia was also verified
using confocal microscopy (Figure 4D). Peritumoral injection of
Molecular T
NSCs loaded with CpG-STAT3ASOCy3 resulted
in detectable localization of fluorescently labeled
oligonucleotide with Iba-1+ microglia within 24 h
after injection. The treatment with NSCs loaded
with CpG-STAT3ASO resulted in significant in-
crease of CD40 and CD80 activation markers on
glioma-associated microglia by about 60% and 80%, respectively (Fig-
ures 4E and S5).

Since repeated injections of NSCs into an intact brain parenchyma in
mice were not possible, we used subcutaneous model of GL261 glioma
for the initial proof-of-concept efficacy study. Mice with established
subcutaneous tumors were treated every other day with peritumoral
injections of 1 � 106 NSCs loaded with CpG-STAT3ASO, 1 � 106

naive NSCs, CpG-STAT3ASO alone (in equivalent amount,
0.05 mg/kg, 100� lower than the standard effective dosing in Fig-
ure S4), or PBS. As shown in Figure 4F, CpG-STAT3ASO-loaded
NSCs significantly inhibited GL261 tumor growth compared with
the lack of antitumor effects of native NSCs or the suboptimal dose
of CpG-STAT3ASO alone. Altogether, these results strongly suggest
the feasibility and potential of using NSC-mediated delivery of encap-
sulated CpG-STAT3ASO for glioma immunotherapy.

DISCUSSION
The clinical translation of ONTs faces multiple challenges, including
the limited circulatory half-life for small oligomers and potential for
exacerbated inflammatory effects.42 The latter is a primary concern
for the use of ONTs in brain tumor therapy.43 Hence, there is
herapy: Nucleic Acids Vol. 27 March 2022 615
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Figure 4. NSCs deliver CpG-STAT3ASO to glioma-associated myeloid cells and inhibit growth of GL261 tumors in vivo

(A and B) CpG-STAT3ASO loading does not affect NSC viability but can influence cell migration. The NSC viability (A) wasmeasured using flow cytometry after 24 h incubation

with CpG-STAT3ASO at various dosing. (B) NSCs migration was assessed using transwell assay; means ± SEM (n = 4); **p < 0.01, ***p < 0.001. (C) NSCs are an effective

vehicle for CpG-STAT3ASO delivery into the glioma-associatedmyeloid cells. GL261 glioma-bearing mice were injected peritumorally with 1� 106 NSCs loaded for 24 h with

CpG-STAT3ASOCy3 or with the corresponding amount of oligonucleotide alone (0.05 mg/kg). After 1 day, the percentage of CpG-STAT3ASOCy3 uptake was assessed in

glioma-associatedmyeloid cells using flow cytometry; means ± SEM (n = 3); *p < 0.05, **p < 0.01. (D) CpG-STAT3ASOCy3 is detectable in Iba1+ glioma-associated microglia

after NSC-mediated intracranial delivery. Mice were treated as in (A), and brains were harvested after 24 h for immunofluorescent staining and confocal imaging. Shown are

representative images (n = 4); scale bars represent 100 mm (20 mm in insets). (E) NSC delivery of CpG-STAT3ASO results in immune activation of glioma-associated microglia

(CD11b+CD45hi); shown are means ± SEM (n = 5); **p < 0.01. (F) Mice with established GL261 tumors were treated using every other day i.t. injections of 1 � 106 NSCs

loaded with CpG-STAT3ASO, native NSCs, CpG-STAT3ASO alone at the equivalent amount (0.05 mg/kg, 20� lower than the effective dose for a naked oligonucleotide), or

PBS; shown are means ± SEM (n = 5); *p < 0.05.
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significant interest in utilizing nanoparticle, vesicle, or cellular vehi-
cles for ONT delivery. Hereby presented results are, to our knowl-
edge, the first demonstration of spontaneous encapsulation of syn-
thetic ONTs into extracellular vesicles, including exosomes. The
phosphorothioated CpG conjugates provide a simple and scalable
EV loading strategy that is not limited to NSCs but could be adopted
to a variety of myeloid cells, B cells, and cancer cells, which were
shown to efficiently internalize CpG conjugates with siRNA, anti-
sense, or DNA decoy molecules.6 It does not require stable expression
of RNA cargo or ex vivomanipulation, such as electroporation or lip-
ofection, which often fail to efficiently load ONTs into exosomes.44,45

Also, the dose-dependent loading of synthetic CpG conjugates allows
for efficient and reliable EV loading, while endogenous RNA and
DNAmolecules are known to be differentially distributed into various
types of EVs and non-vesicular extracellular matter.46

Native and engineered exosomes are increasingly being explored for
cancer immunotherapy.24,44 However, their success depends largely
on the effective trafficking to tumor tissues and/or lymphoid organs
as opposed to liver, which is the major site of exosome accumulation
after systemic delivery.47,48 The well-defined NSC tropism to hypox-
ic tumor areas provides an alternative cellular vehicle for the targeted
transport and release of EV-encapsulated ONTs. The recent study
demonstrated a successful delivery of NSC-carried nanoparticles
into target tumors within hours after intraperitoneal injection.49

Even when injected into a brain hemisphere or ventricle distant
from tumor, the NSCs were found accumulated in glioma on the
opposite site within 2 days.50 As demonstrated in this study, NSCs
can deliver sufficient amounts of CpG-STAT3ASO into orthotopic
glioma microenvironment to activate the major tumor-associated
immunosuppressive cell subsets, such as microglia, tumor-associ-
ated macrophages (TAMs), and MDSCs. Furthermore, peritumoral
injections of NSC(CpG-STAT3ASO) were effective in reducing
growth of both subcutaneous and orthotopic glioma. In addition
to more effective intratumoral delivery of EV-encapsulated versus
naked CpG-STAT3ASO, our results suggest that EV(CpG-STA-
T3ASO) has increased immunostimulatory potential compared
with the equivalent amount of free oligonucleotide. This is consis-
tent with previous reports suggesting that CpG ODNs formulated
into nanoparticles can elicit immunostimulatory and antitumor ef-
fects at much lower dosing than nonencapsulated ODNs.51 It is
yet unclear whether these effects result from the enhanced uptake
of encapsulated oligonucleotides, the increased intracellular im-
mune signaling triggered by the complexed TLR9 agonists, or
both. Importantly, the immunostimulatory properties of CpG-STA-
T3ASO10,52 seem to completely alleviate the inherent immunomod-
ulatory functions ascribed to NSCs as well as to NSC-derived
exosomes.39 The immunosuppressive effects of protein and miRNA
content of NSC-derived exosomes and soluble protein mediators
secreted by NSCs fueled interest in their application to treat chronic
inflammatory brain disorders through M2 polarization of micro-
glia.39 The low effective dose of encapsulated CpG-STAT3ASO
together with any residual immunoregulatory effect of NSCs and
their exosomes are likely to have additional neuroprotective effects
and reduce chances of unwanted immunostimulatory effects beyond
the glioma microenvironment. While further studies will focus on
the optimization of NSC(CpG-STAT3ASO) dosing and delivery
routes, our results so far underscore safety of this approach in intra-
cranial administration. As demonstrated for another cellular glioma
therapy, it is clinically feasible and safe to administer to glioma pa-
tients repeated injections of glioma-cell-specific CAR T cells into a
post-surgical intracranial cavity using an implanted Rickham de-
vice.53 A similar method of intracranial and intracavitary infusions
was also used in clinical trials to deliver unformulated, immunosti-
mulatory CpG oligonucleotides to patients with brain tunors.14,54

NSCs have already proven clinically safe and effective in the delivery
of chemotherapeutic drugs to brain tumors.18 Loaded with the
bifunctional, immunostimulatory, and tolerance-breaking CpG-
STAT3ASO, the NSCs provide a promising strategy for therapy of
immune “cold” gliomas. We believe that NSC-mediated delivery of
CpG-STAT3ASO creates an opportunity for safer and more effective
oligonucleotide-based immunotherapy of glioma and potentially
other brain tumors.

MATERIALS AND METHODS
Cell culture

PBMCs from anonymous healthy donors were collected in accor-
dance with the Declaration of Helsinki under the institutional review
board (IRB) protocol 13378 (City of Hope). Human U251, mouse
GL261 glioma cells, and RAW264.7 macrophages were from Amer-
ican Type Culture Collection (ATCC) (Manassas, VA, USA), whereas
RAW-Blue cells were purchased from Invivogen (San Diego, CA).
HB1.F3 NSCs (passage 18–24) were kindly provided by Dr. Karen
Aboody and previously characterized for clinical use.15,17 Cells were
cultured in DMEM supplemented with 10% fetal bovine serum
(FBS). All tested cells were cultured for less than 6 months before ex-
periments and tested bimonthly from mycoplasma infections.

For the generation of human mDCs, peripheral blood mononuclear
cells (PBMCs) were cultured for 6 days in RPMI1640 medium with
10% FBS in a presence of 100 ng/mL granulocyte-macrophage col-
ony-stimulating factor (GM-CSF) and 50 ng/mL interleukin-4 (IL-
4) (Peprotech, Cranbury, NJ). Next, cells were seeded on a 12-well
plate and treated with EV(PBS) and EV(CpG-STAT3ASO) or
EV(CpG-STAT3ASOCy3), respectively, for 24 h before further
studies. For generation of the bone-marrow-derived macrophages
(BMMs), bone marrow cells from C57BL/6 mice were plated at 2 �
106 cells/mL in triplicates in RPMI1640, 20% FBS supplemented
with 50 ng/mL M-CSF. The medium was replaced on day 4, and
the culture was continued until day 7.

Oligonucleotide synthesis, NSC loading, and isolation of

extracellular vesicles

The human- and mouse-specific CpG-STAT3ASO conjugates were
synthesized in the DNA/RNA Synthesis Core (COH) by linking
CpG-ODNs to STAT3 ASO as previously described.10 For the inter-
nalization studies, oligonucleotides were labeled on 30 ends using Cy3
fluorochrome.
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 617
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NSCs were cultured overnight in DMEMwith exosome-free 10% FBS
(exosomes removed by ultracentrifugation at 110,000�g for 16 h).
The next day, cells were incubated with or without 0.5–5 mM CpG-
STAT3ASO for 24 h and then medium was replaced and cells were
cultured for 24–96 h, depending on the experiment. Next, culture me-
dia were collected, briefly centrifuged at 2000�g, filtered through
0.22 mm filter (Millipore), followed by EV isolation using either ultra-
centrifugation using standard method55 (100,00�g/20 min at 4�C fol-
lowed by two-step 1,100,00�g/1 h centrifugation with an intermittent
PBS wash) or using Total Exosome Isolation Reagent (Invitrogen,
Waltham, MA) following the manufacturer’s protocol. EV pellets
were resuspended in filtered PBS and then used for downstream ap-
plications or stored at 4�C for up to 1 week. The concentration and
size distribution profile of the isolated EVs were evaluated using a
NanoSight NS300 instrument and NTA 3.2 software. Videos were re-
corded at camera level 15. Samples were diluted 1:100 in PBS to
achieve a concentration of 1–5 � 108 particles/mL. For each sample,
three 60-s recordings were analyzed in the batch-processing mode.
The molar concentrations of the encapsulated oligonucleotide were
estimated using spectrophotometric measurements at 545/575 nm
using Cytation5 multimode absorbance reader (BioTek, Winooski,
VT) in relation to the standard curve based on serial dilutions of
CpG-STAT3ASOCy3 with non-loaded EVs as a blank control for
background subtraction.

Glioblastoma mouse models

C57BL/6 mice, aged between 6 and 8 weeks, were purchased from the
Jackson Laboratory (Bar Harbor, ME). Mouse care and experimental
procedures were performed under pathogen-free conditions in accor-
dance with established institutional guidance and approved protocols
from Institutional Animal Care and Use Committees. For assessment
of NSCs and EVs delivery and activity in brain tumor microenviron-
ment (TME), 1 � 105 GL261 were injected intracranially (IC) into
frontal lobe. After 7 days, mice were injected IC (caudal-lateral to tu-
mor) with PBS (4 mL), CpG-STAT3ASO alone (75 ng/4 mL), NSCs
alone, or NSCs loaded with CpG-STAT3ASO (5 � 105 cells/4 mL).
Single-cell suspension was prepared using Brain Dissociation Kit
(Miltenyi Biotec), according to manufacturer’s instructions, and
then analyzed using flow cytometry. For tumor growth experiments,
5� 105 GL261 cells were injected subcutaneously (s.c.). When tumors
reached �50 mm3 size, mice were treated intratumorally (i.t.) with
PBS, 1 � 106 cells NSCs alone, 1 � 106 cells NSCs treated with
2 mMof CpG-STAT3ASO, or equivalent amount of CpG-STAT3ASO
alone. Tumor size was measured every other day.

Confocal microscopy

NSCs were seeded on 18-well Nunc Lab-Tec chamber slides (Sigma-
Aldrich, St. Louis, MO) and allowed to attach overnight. The next
day, cells were incubated with various CpG-STAT3ASOCy3 concen-
trations for indicated times. After washing, cells were fixed in 4%
paraformaldehyde (EMS), permeabilized with Triton-X, blocked
with 5% normal serum, and incubated with primary antibodies
(anti-CD63; Abcam, Waltham, MA) for 18 h. For tissue sections,
formalin-fixed tumors were impregnated with 30% sucrose and
618 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
then cut into 10-mm sections using a cryostat followed by the incuba-
tion with Iba-1-specific antibody (Abcam). Next, samples were
labeled with Alexa-488-conjugated secondary antibody, stained
with Hoechst33342, and mounted in Vectashield Hard-Set medium
(Vector Laboratories, Burlingame, CA). Slides were visualized on an
LSM880 confocal microscope (Zeiss, White Plains, NY) and analyzed
using LSM ImageBrowser (Zeiss).

Electron microscopy

The EVs were placed onto 300-mesh carbon-formvar-coated grids
and allowed to absorb to the formvar for a minimum of 1 min. Grids
were rinsed with double-distilled water and stained for contrast using
1% uranyl acetate. The samples were viewed with an FEI Tecnai T12
transmission electron microscope at 120 keV, and images were taken
with a Gatan Ultrascan 2K charge-coupled device (CCD) camera.

Flow cytometry

Mouse cells staining was performed using fluorochrome-labeled an-
tibodies specific to MHC class II, CD11b, F4/80, Gr-1, CD40,
CD45, CD80, and CD86 (Thermo Fisher Scientific, Irwindale, CA).
Unspecific binding was blocked with anti-FcgIII/IIR (Thermo Fisher
Scientific). For viability assessment, cells were stained using APC An-
nexin V apoptosis detection kit I (BD Biosciences, Franklin Lakes,
NJ). For EVs phenotyping, isolated vesicles were incubated with
anti-CD63 beads (Thermo Fisher Scientific) according to manufac-
turer’s instruction and then stained with fluorochrome-labeled
CD9, CD63, and CD81 antibodies (Thermo Fisher Scientific). Fluo-
rescence data were acquired on Attune NxT Flow Cytometer
(Thermo-Fisher) and analyzed using FlowJo software (TreeStar).

Migration assay

NSCs were treated with indicated doses of CpG-STAT3ASO for 24–
72 h. Next, cells were seeded on gelatin-coated transwell inserts
(Corning, Corning, NY) in DMEM-supplemented 0.5% BSA. The
lower chamber was filled with DMEM 10% FBS, U251 conditioned
media, or SDF-1 (100 ng/mL) and then cells were permitted to
migrate for 4 h. Next, cells were fixed in 4% paraformaldehyde and
stained with 0.2% crystal violet. Images were acquired on Observer
Z1 Live Cell (Zeiss), and the number of migrated cells was quantified
using ImageJ (NIH) from at least 4 view fields.

Quantitative real-time PCR

Total RNA was extracted from cultured or in vivo grown tumor cells
using Maxwell system (Promega, Madison, WI) and then transcribed
into cDNAs using iScript cDNA Synthesis kit (Bio-Rad, Hercules,
CA). The qPCR was carried out using specific primers for IL12A,
STAT3,ACTB, andUBQ using CFX96 Real-Time PCRDetection Sys-
tem (Bio-Rad), as previously described.10

Statistics

Unpaired t test was used to calculate two-tailed p value to estimate
statistical significance of differences between two treatment groups.
One- or two-way ANOVA followed by Bonferroni post-test were
applied to assess the differences between multiple groups or in tumor
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growth kinetics experiments. Statistically significant p values were
indicated in figures as follows: ***p < 0.001; **p < 0.01; and *p <
0.05. Data were analyzed using Prism software v.6.01 (GraphPad).
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Supplemental Figure S1. Dose-dependent NSC-EV loading with another CpG-conjugate (CpG-miR146aASO). NSCs
were treated with various concentrations of fluorescently-labeled CpG-miR146aASOCy3 for 24h. After washing, culture media
were replaced and EVs were isolated after overnight incubation using anti-CD63 beads. (A) NSC-derived CD63+/CD81+
exosomes were major vesicle population secreted by NSCs. (B) The NSC-derived exosomes showed dose-dependent loading
with Cy3 labeled oligonucleotide. (C) EVs loaded with CpG-miR146aASO were purified using Total Exosome Isolation assay
(~50μg EV protein), lysed and resolved using gel electrophoresis (loading 1/60 of the total EV volume). Band intensities were
quantified using ChemiDoc system (BioRad) and converted to the estimated amount of EV-loaded oligonucleotide per 106 of
NSCs as indicated. (D) The assessment of dose-dependent CpG-miR146aASOCy3 loading into EVs using fluorescent signal.
(E) RAW264.7 cells were treated overnight using naïve or oligonucleotide-loaded EVs (~30μg EV protein), and miR146a
levels were quantified using stem-loop rtPCR with normalization to Sno234 small control RNA.
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Supplemental Figure S2. Spontaneous loading of CpG-STAT3
oligonucleotides into exosomes by human cancer cells and mouse
macrophages. Human MV4-11 leukemia cells, DU145, PC3 prostate
cancer cells or RAW264.7 macrophages were incubated with 500nM
of fluorescently-labeled oligonucleotide for 24h, then washed and
incubated in fresh medium. After additional 24h, cell culture and
supernatants were collected, EVs were ultracentrifugated and
analyzed using flow cytometry to assess oligonucleotide loading.
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Supplemental Figure S3. Tumor-derived factors such as SDF-1 stimulate

migration of NSCs loaded with CpG-STAT3 antisense oligonucleotide. NSCs were

incubated for 3 days with 0.5, 2 or 5 µM CpG-STAT3ASO or left untreated. Next,

2.5104 NSCs were seeded into upper chambers of Transwell plates and placed in

standard DMEM culture media, U251 human glioma-conditioned DMEM media or

recombinant SDF-1 (100 ng/ml). After 4 hours, numbers of NSCs that migrated through

the membrane were counted after fixation and crystal violet staining. (A) The

representative images for all tested groups. (B) Bar graphs indicating means ± SEM

from four independent experiments.



Supplemental Figure S4. High dose of
unformulated CpG-STAT3ASO shows potent
antitumor activity against GL261 glioma in mice.
Local administration of CpG-STAT3ASO (5
mg/kg/IT/q2d), induces regression of established
GL261 tumors grown SC. Both control CpG-
scrambled ODN and STAT3ASO alone resulted
only in transient tumor growth inhibition; shown are
means±SEM (n=6).



Supplemental Figure S5. Gating strategy for flow cytometry studies. 
Cytofluorimetric analysis of glioma-associated immune population in GL261 
tumor-bearing mice (supporting data for the main Figure 4).
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