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Glioblastoma exosomes and IGF-1R/AS-ODN are immunogenic
stimuli in a translational research immunotherapy paradigm
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Abstract Glioblastomas are primary intracranial tumors
for which there is no cure. Patients receiving standard of
care, chemotherapy and irradiation, survive approximately
15 months prompting studies of alternative therapies
including vaccination. In a pilot study, a vaccine consisting
of Lucite diffusion chambers containing irradiated autolo-
gous tumor cells pre-treated with an antisense oligode-
oxynucleotide (AS-ODN) directed against the insulin-like
growth factor type 1 receptor was found to elicit positive
clinical responses in 8/12 patients when implanted in the
rectus sheath for 24 h. Our preliminary observations sup-
ported an immune response, and we have since reopened
a second Phase 1 trial to assess this possibility among
other exploratory objectives. The current study makes use
of a murine glioma model and samples from glioblastoma
patients in this second Phase 1 trial to investigate this novel
therapeutic intervention more thoroughly. Implantation
of the chamber-based vaccine protected mice from tumor
challenge, and we posit this occurred through the release
of immunostimulatory AS-ODN and antigen-bearing
exosomes. Exosomes secreted by glioblastoma cultures are
immunogenic, eliciting and binding antibodies present in
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the sera of immunized mice. Similarly, exosomes released
by human glioblastoma cells bear antigens recognized
by the sera of 6/12 patients with recurrent glioblastomas.
These results suggest that the release of AS-ODN together
with selective release of exosomes from glioblastoma cells
implanted in chambers may drive the therapeutic effect
seen in the pilot vaccine trial.
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Abbreviations
AS-ODN Antisense oligodeoxynucleotide

B-FGF Basic fibroblast growth factor

DiO 3,3’-dioctadecyloxacarbocyanine perchlorate

DLN Draining lymph nodes

EGF Epidermal growth factor

FBS Fetal bovine serum

GBM Glioblastoma

GM-CSF  Granulocyte macrophage colony stimulating
factor

IGF-1R  Insulin-like growth factor type 1 receptor PBS

IL Interleukin

MFI Median fluorescence intensity
mDC Myeloid dendritic cell

PBMC Peripheral blood mononuclear cells
PBS Phosphate buffered saline

pDC Plasmacytoid dendritic cell

Th2 T helper type 2

Introduction

Astrocytic gliomas including Glioblastoma multiforme
(GBM), the most common and devastating primary brain
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tumor in adults, are defined by certain pathological hall-
marks including necrosis and vascular proliferation.
Although conventional treatments, such as surgery, radia-
tion, and chemotherapy have seen much progress over the
past two decades, median survival remains 15 months for
GBM patients. Poor prognosis and side effects associ-
ated with current regimens have led many investigators to
novel therapies including immunotherapy. We conducted
a pilot study in which autologous tumor cells were treated
with an antisense deoxyoligonucleotide (AS-ODN) to
the insulin-like growth factor receptor type 1 (IGF-1R)
ex vivo, encapsulated in a Lucite chamber with 0.1-uM
pores and implanted into the rectus sheath for 24 h [1].
We observed objective clinical and radiographic responses
in 8/12 patients that were consistent with the induction of
anti-tumor immunity [1]. Consequently, a follow-up trial
has been initiated based on this paradigm but with the addi-
tion of a novel IGF-1R/AS-ODN to the chamber (Clinical
trial # NCT01550523.) The mechanisms underlying the
apparent immunogenicity of this chamber-based vaccine
are not fully understood. IGF-1R is a cell surface receptor,
involved in a pathway that facilitates cell proliferation [2]
and survival [3], that is commonly overexpressed by tumor
cells. Downregulation of this molecule with AS-ODN is
believed to induce apoptosis in treated cells which may
cause the release of immunogens [4]. The AS-ODN used in
this study also contains CpG and other immunostimulatory
motifs [5-10].

Based on the 0.1-uM pore size of the chambers, we rec-
ognized that the size of immunomodulatory agents must be
small. While cell components released by dying cells could
provide antigens capable of leaking from the chambers,
another possibility is that IGF-1R/AS-ODN-treated tumor
cells do not die, but release antigenic vesicles. Exosomes,
small unilamellar vesicles (50-100 nM), released follow-
ing fusion of the multivesicular compartment [11] with the
plasma membrane via a mechanism resembling exocytosis
[12] and the somewhat larger microvesicles (100-200 nm)
that bud directly from the cell surface [13] are both can-
didates. Several methods have been utilized to character-
ize vesicles including immunophenotyping [14, 15] and
bead-based flow cytometry assays [16, 17]. Exosomes
can be defined by the presence of proteins found in the
late vesicular compartment [18-20] including several tet-
raspanins (CD9, CD63, and CD81). Secreted by a wide
variety of normal cells [21-24], exosomes are thought
to be involved in intercellular communication [25] and
membrane exchange [26]. However, exosomes are also
secreted by multiple types of tumor cells including GBM
[18, 26-28], and the literature is conflicted concerning
whether these are naturally immunogenic [15, 18, 29-33]
or tolerogenic/immunosuppressive [28, 34, 35]. The cur-
rent study is directed at establishing whether the release of
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immunostimulatory AS-ODN and exosomes from IGF-1R/
AS-ODN-treated GBM tumor cells may explain the thera-
peutic effects seen in the pilot clinical trial.

Methods
Cell lines and reagents

Human glioblastoma cell line, U118 [American Type
Culture Collection (ATCC) HTB-15], was maintained in
DMEM supplemented with 10 % fetal bovine serum (FBS)
and gentamicin (all from Invitrogen). Primary patient
tumor cell lines were generated as described previously
[36]. Briefly, fresh tumor tissue was mechanically disrupted
and trypsinized to obtain single cell suspensions. To obvi-
ate any concerns of immune activation from exogenous
antigens derived from FBS, human glioblastoma tumor
cells were cultured on Biocoat plates (BD Bioscience) in
Neurobasal medium supplemented with penicillin/strepto-
mycin, amphotericin B, B27 supplement, and N2 supple-
ment (All from Invitrogen.) Immediately before use, basic
fibroblast growth factor (B-FGF, 50 ng/ml) and epidermal
growth factor (EGF, 50 ng/ml, both from R&D Systems)
were added to the culture medium. Human peripheral
blood mononuclear cells (PBMC) were purified from nor-
mal donor buffy coats using Ficoll-Hypaque centrifuga-
tion. All human tissue was collected according to a protocol
approved by the Thomas Jefferson University Institutional
Review Board.

Murine glioma cell line GL261 (Glioma 261, NCI
Tumor Repository) and lymph node cell cultures were
maintained in RPMI supplemented with 10 % FBS and
gentamicin (all from Invitrogen). Exosome-free FBS was
used in all experiments and obtained by centrifuging FBS
overnight (100,000xg).

Flow cytometry size calibration

Small particle gates were established by analyzing sized
polystyrene microspheres (Invitrogen) on a FACSCaliber
or LSRII cytometer (both from BD Bioscience).

Vesicle enrichment

Glioma cells were cultured for 3 days in complete medium.
Supernatants were centrifuged (4 °C) at 1,200xg (20 min)
to remove debris. Supernatants were further centrifuged
at 20,000xg (30 min) to yield a population of larger vesi-
cles. A final centrifugation at 100,000xg (60 min) gener-
ated a population of smaller vesicles. Vesicle pellets were
resuspended in PBS for further analysis, immunization, or
plating.
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Chamber diffusion assay

Glioma cells (3 x 10° cells) were incubated with fluores-
cent dyes to label lipid membranes (0.2 mg/ml 3,3’-dioc-
tadecyloxacarbocyanine perchlorate; DiO, Invitrogen)
for 30 min at 37 °C. Large and small vesicle preparations
isolated from cells labeled with fluorescent dyes or FITC-
tagged NOBEL AS-ODN (IDT) were encapsulated in vac-
cine chambers and placed in six-well plates containing
phosphate buffered saline (PBS). Chambers were removed,
and the extracapsular fluid (PBS) was assayed for fluores-
cence using a plate reader (Synergy H1, Biotek). In some
experiments, unlabeled exosomes, DiO-labeled exosomes
or microvesicles, or the extracapsular PBS from cham-
ber wells were analyzed on a LSR II flow cytometer (BD
Biosciences).

Flow cytometric phenotyping

Small vesicle preparations were aliquoted into 96 well,
V-bottom plates (20 pl/well). To each well, mAb spe-
cific for human CDllc (B-ly6), CD14 (M5E2), CD25
(M-A251), CD63 (H5C6), CD71 (M-A712), CD81 (JS-
81), CD83 (HB15e, all from BD Bioscience) were added
as phycoerythrin conjugates. Vesicle/antibody suspensions
were incubated for 40 min at 4 °C, transferred to flow
cytometry tubes and analyzed immediately by flow cytom-
etry (FACSCaliber or LSRII, BD Bioscience). Post-collec-
tion analysis was performed with FlowJo software (Tree
Star Inc).

Electron microscopy

Small vesicle preparations were fixed with 2.5 % glutaral-
dehyde and 2.0 % paraformaldehyde in a 0.1 M cacodylate
buffer, pH 7.4, for 1 h at 4 °C, washed, and post-fixed in
2 % osmium tetroxide, subsequent to dehydration in a
graded ethanol series. Samples were embedded in Poly/
Bed 812 (Polysciences Inc,), sectioned, stained with bis-
muth subnitrate, and examined with a JEOL 1010 electron
microscope fitted with a Hamamatsu digital camera system
and AMT Advantage image capturing software.

AS-ODN uptake and stimulation experiments

Human PBMC were incubated with FITC-tagged NOBEL
AS-ODN (107 cells/1 pg AS-ODN/ml, IDT) for 30 min at
37 °C or unlabeled AS-ODN (107 cells/100 pg AS-ODN/
ml, Girindus) for 24 h at 37 °C. Samples were aliquoted
into 96 well, V-bottom plates (100 pl/well). To each well,
fluorescently conjugated mAb specific for human CDI11c
(B-1y6), CD14 (M5E2), CD16 (3G8), CD20 (2H7), CD56
(B159), CD80 (L307.4), CD83 (HB15e), CD86 (FUN-1),

CD123 (9F5, all from BD Bioscience) were incubated for
40 min at 4 °C and analyzed immediately by flow cytom-
etry (EasyCyte 8HT, Millipore). Post-collection analysis
was performed with FlowJo software (Tree Star Inc).

Mice, immunization, and treatment

Male, 8-10 week old C57BL/6 mice were purchased from
Taconic. GL261 cells were harvested and resuspended in
PBS-containing NOBEL AS-ODN (107 cells/40 mg AS-
ODN/ml). The mixture of cells and AS-ODN (100 1), or
PBS were loaded into Lucite diffusion chambers capped
with 0.1-uM Millipore filters (vaccine chambers) [1, 4, 37]
and implanted into a subcutaneous pocket in left flank of
anesthetized mice. Chambers were removed after 24 h.

In other experiments, exosomes were harvested from
untreated or NOBEL AS-ODN-treated GL261 cells and
quantified using a Bradford—-Lowry protein quantitation
assay (BioRad). Exosomes were diluted in PBS and subcu-
taneously injected into the left flank of anesthetized mice.

Wild-type GL261 (10° cells) were subcutaneously
injected into the right flank, 1 week following exosome
injections or 2 weeks following chamber explantation.
Mice were monitored every 3—4 days for tumor growth and
killed once tumor volumes reached 1 cm®. Tumors were
photographed (Nikon Coolpix digital camera) and stored at
—80 °C. Tumor sections were cut, stained with hematox-
ylin and eosin, and imaged with a Leica DM6000 micro-
scope and DFC295 color camera. The Thomas Jefferson
University Institutional Animal Care and Use Committee
approved all murine experiments.

Ex vivo cytokine induction and analysis

Draining lymph nodes (DLN) were collected from
C57BL/6 mice either 3 days following 3 weekly injections
of GL261-derived exosomes or 21 days following a single
injection of exosomes (2 pg). DLN were dissected with
scalpels, digested with a mixture of collagenase (I mg/
ml)/DNase (0.02 mg/ml, both from Sigma-Aldrich) for
30 min, and isolated cells cultured ex vivo in the presence
or absence of exosomes for 3 days. Brefeldin A (BFA, BD
Bioscience) was added to cultures during the last 18 h to
allow cytokine accumulation in cells. Cultured cells were
collected in 96-well, V-bottom plates and stained with
fluorescently conjugated mAb specific for mouse CD3
(UCHT1), CD4 (RPA-T4), and CD8 (RPA-TS, all from BD
Bioscience) for 40 min at 4 °C, washed and incubated with
BD Cytofix/Cytoperm™, and stained with fluorescently
conjugated mAb specific for mouse interleukin-2 (IL2,
MQI1-17H12), IL4 (8D4-8), IL5 (TRFKS), IL10 (JES3-
19F1), IL13 (JES 10-5A2), or Ifn-y (B27, all from BD
Bioscience) in the presence of BD Perm/Wash™ buffer.
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Cells were then analyzed immediately by flow cytometry
(EasyCyte 8HT, Millipore). Post-collection analysis was
performed with FlowJo software (Tree Star Inc).

CELISA

Blood samples were collected in heparinized capillary
tubes from the orbital plexus while mice were under anes-
thesia. Tubes were centrifuged at 300xg (20 min), and
plasma was collected, frozen, and stored at —80 °C.

Round-bottom, 96-well plates were seeded with GL261
(36 k/well). Plasma samples were thawed, diluted with
PBS (1:40), added to plates and incubated for 1 h at 4 °C
with intermittent shaking. Bound antibody was detected
using anti-mouse IgG-alkaline phosphatase and p-Nitro-
phenyl phosphate. Absorbance (405 nm) was measured at
1 h using a plate reader (Synergy H1, Biotek).

Exosomes ELISA

Blood from recurrent glioblastoma patients was collected
in heparinized tubes before or during surgery. Tubes were
centrifuged at 300xg (20 min), and plasma was collected,
frozen, and stored at —80 °C.

Immulon 4HBX 96-well plates (Dynex) were coated
with exosomes generated from primary human tumor cell
culture supernatants (24 h at 4 °C). Plasma samples were
thawed, diluted with PBS (1:10), added to plates, and
incubated overnight at 4 °C. Bound antibody was detected
using fluorescent antibodies specific for human IgM (APC)
and IgG (PE, both from BD Bioscience). Fluorescence was
measured using a plate reader (Synergy H1, Biotek).

Statistical analysis

All statistical analysis was performed using JMP software
(SAS Institute). Student’s ¢ test was used to assess relation-
ships between tumor incidence groups, murine antibody
binding and ex vivo/in vitro cytokine analyses. Log-rank
and Wilcoxon tests were used to determine significance
between Kaplan—Meier groups. Kruskal-Wallis one-way
ANOVA followed by Tukey’s post-test analysis were
used to analyze group differences within exosome-cham-
ber diffusion and glioblastoma patient antibody binding
experiments.

Results
Flow cytometric analysis of small particles

Transient implantation of GBM patients with IGF-1R/
AS-ODN treated autologous tumor cells encapsulated in
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a diffusion chamber has shown therapeutic potential [1]
through mechanisms that are not entirely understood but
thought to involve the induction of an immune response.
Immunogenic material must be able to cross the 0.1-pM
pores of the chamber membrane. As shown in Fig. 1, we
established flow cytometry parameters to investigate the
nature of any small particles that may be released from
chambers. Initially, mixtures containing commercial cali-
bration beads were used to define profiles (15—-1 wM) of six
distinct populations (Fig. 1a) readily distinguished by side-
scatter (Fig. 1b). Beads more likely to represent the size of
particles released from chambers (1.0, 0.5, or 0.1 wM) also
differ by side-scatter with somewhat less resolution in scat-
ter as particle size decreases (Fig. 1c). To confirm the size
of the calibration beads, we collected electron microscopy
images. The largest beads (1 jum) are seen as black spheres
with a measured diameter of 1-2 uM (Fig. 1d, left panel).
Similarly, the 0.5-uM beads are dark gray in color with
a measured diameter of 0.4-0.8 uM (Fig. 1d, left panel).
The 0.1-pm beads appear as light gray specks (Fig. 1d,
left panel) with measurements of 0.05-0.15 puM particles
(Fig. 1d, right panel).

Vaccine chambers release small particles in a time-
dependent manner

To assess particles released by the glioblastoma cells that
are encapsulated in our vaccine paradigm, we added a
fluorescent lipophilic dye to 3-day-old cell cultures which
would label the cell membranes and any membrane-based
vesicles present in the supernatant. We then assayed the
culture supernatant using our novel, small particle flow
cytometry detection methods. First, particles were crudely
separated into two different size ranges based on centrifu-
gation. As expected, smaller particles were fluorescent, but
at lower levels than larger particles (Fig. 2a). More exten-
sive analysis of smaller particles revealed that they exhibit a
3-log increase in fluorescence over that of unlabeled parti-
cles (Small-) and readily diffuse from the chambers (Small-
chamber). Figure 2c shows that over time, these chambers
release significant amounts of fluorescence (p < 0.0001)
only when seeded with smaller particles recovered from
cultured cells.

Small particles produced by glioma cells characterize
phenotypically as exosomes

Electron microscopy analysis of small vesicles
released from glioblastoma cells revealed vesicles of
0.05-0.2 pM in size (Fig. 3a). A small particle flow
cytometry gate based on the scatter profiles of 0.1-um
beads (Fig. 3b, left panel), includes a majority of the
particles in small vesicle preparations from cultured
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Fig. 1 Analysis of small particles by flow cytometry and electron
microscopy. a Forward scatter (FSC) and side scatter (SSC) analysis
of large calibration beads (1-15 pm in diameter). b SSC histograms
of gated bead populations. Median intensities are listed in the leg-

glioblastoma cells (Fig. 3b, right panel). These small
vesicles bind antibodies specific for the endosomal
antigens CD63, CD71, and low levels of CD81, but not
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end. ¢ FSC and SSC analysis of small calibration beads (0.1-1 pm in
diameter). d Electron microscopy images of small calibration beads
(0.1-1 pm in diameter). Scale bars are located in the upper left cor-
ner of the images

antibodies specific for irrelevant cell surface antigens
including CD83 (Fig. 3c, d) and are therefore defined
as exosomes.
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Fig. 2 Vaccine chambers release small particles. Membranous parti-
cles in glioma culture supernatants were labeled with lipophilic dye
(Di0O). Particles were separated based on size using ultracentrifuga-
tion. a, b Unencapsulated particles were analyzed by flow cytom-
etry. a Median fluorescence intensity (MFI) and b representative
histograms of unlabeled (—) or DiO-labeled particles (+) are shown.
b, ¢ DiO-labeled particles were encapsulated in chambers and incu-

Vaccine chambers release AS-ODN that activates
lymphoid-derived cells

In addition to exosomes, our vaccine chamber also con-
tains NOBEL, an AS-ODN which was originally used to
modulate IGF-1R expression and tumor cell viability [4].
However, due to the presence of several potentially immu-
nomodulatory motifs [6-10], NOBEL may impact immune
functions such as antigen presentation. This AS-ODN is
expected to freely pass through a 0.1-pm pore. This was
confirmed by analysis of extracapsular fluid from cultures
of chambers containing fluorescently tagged AS-ODN. Lev-
els of fluorescence in the extracapsular fluid increased loga-
rithmically over 48 h (Fig. 4a, R> = 0.9721). To determine
if NOBEL released from the chamber may contribute to
the therapeutic paradigm, we performed in vitro AS-ODN
uptake experiments with PBMC and assayed for activation
of immune cell subsets. The highest uptake of AS-ODN
occurred in endocytic antigen presenting cells: monocytes,
dendritic cells (DC), and B cells (Fig. 4b, c). Negligible
uptake was observed in T cells or NK cells (Fig. 4b, c).
AS-ODN-treated plasmacytoid dendritic cells (pDC), and
B cells, increased expression of costimulatory molecules
important in T cell activation (CD80, 83, and 86). Despite
observing the highest levels of AS-ODN uptake, expression
levels of CD80, 83, and 86 were unaltered in monocytes and
myeloid dendritic cells (mDC, Fig. 4d, e).

Implantation of chambers containing mouse GL261 glioma
cells and IGF-1R/AS-ODN is immunogenic in mice
through the release of exosomes and AS-ODN

Immunization of mice by implantation with cham-
bers containing GL261 mixed with IGF-1R/AS-ODN
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bated in wells containing PBS. Extracapsular fluid was analyzed by
flow cytometry (b, Small-chamber) or plate reader (c). MFI at 24 and
48 h is displayed with group median (diamond center line) and 95 %
confidence intervals (diamond points). Statistical significance was
assessed by ANOVA and Tukey’s post hoc analysis (letter groupings
are statistically different, p < 0.0001)

(AS + GL261 chamber) reduced their susceptibility to
GL261 cells subsequently injected into the flank (Fig. 5a,
p < 0.0001 as determined by log-rank and Wilcoxon
tests). While 65 % of mice that received PBS-contain-
ing chambers grew tumors upon GL261 challenge, only
15 % receiving AS + GL261 chamber grew tumors and
their growth was delayed by approximately 30 days over
that seen in controls (Fig. 5a). To determine if the pro-
tective effect may be due to exosomes released from
the chambers, exosomes were prepared from GL261
cells and different doses administered subcutaneously
to the flanks of congenic C57BL/6 mice 1 week before
subcutaneous implantation of GL261 cells. At exosome
doses >1.6 pg, the vast majority of the mice failed to
grow tumors (Fig. 5a, p < 0.0001). However, by a dose
of 0.16, no reduction in tumor incidence was apparent
(Fig. 5b). Gross pathological and histological examina-
tion revealed that by 32 days post-GL261 cell inocula-
tion the tumors from untreated animals generally consist
of large (1 cm?), dense accumulations of cells (Fig. 5b
inset). To confirm that the anti-tumor response is likely
to be a consequence of immune mechanisms elicited by
exosomes, mice were injected with 2 pg of exosomes
and sera and lymph node cells assessed for GL261-
specific immunity. Exosome inoculation resulted in the
rapid induction of an immune response to GL261 cells,
as measured by serum antibodies (Fig. 5c, p = 0.0293),
which was associated with evidence of enhanced T cell
activity. Firstly, lymph node CD4% T cells from mice
that received exosomes expressed more IL2 and IL5
(p < 0.0001 and p = 0.002, respectively) ex vivo than
similar cells from PBS-inoculated animals (Fig. 5d-e).
More importantly, lymph node CD4" T cells from the
animals that received exosomes expressed higher levels
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of IL5 (p = 0.014) when restimulated in vitro with the
exosomes (Fig. 5f). Elevated production of Ifn-y, IL10,
or IL13 was not observed (Fig. 5d—f).

< Fig.3 Small, glioma-derived particles are exosomes. a Electron
microscopy image of small particle preparation is shown with a 100-
nm scale bar. b—-d Small particles were stained with monoclonal
antibodies and analyzed by flow cytometry. b Scatter profiles of 0.1-
pm beads (left panel) and small particles (right panel) were used to
define analysis gate, R1. ¢ Representative histogram plots for classi-
cal exosome antigen (CD63) or control antigen (IgG and CD83) fluo-
rescence in small particles. d Summary plot containing median fluo-
rescent intensities for endosomal and cell surface marker antibody
labeling of small glioma particles

Exosomes from primary glioma cell lines are detected
by antibodies in the plasma of recurrent glioblastoma
patients

It is conceivable that due to tumor growth or surgical inter-
vention that GBM patients may become sensitized to tumor
antigens and that at least some of these may be borne by
exosomes. To test this possibility, we coated 96-well plates
with exosomes derived from three different primary glio-
blastoma cell lines and assessed binding of patient plasma
antibodies. Antibody binding was measured using fluo-
rescently conjugated secondary antibodies specific for
human IgG or IgM. Regardless of the exosome source, we
observed a statistically significant increase (p < 0.0001) in
median fluorescence intensity (MFI) indicating the pres-
ence of exosome-binding antibodies. Four out of eleven
patients exhibited glioblastoma exosome-specific IgM anti-
bodies (Fig. 6, top panel ‘4’; patients 1, 6, 10, and 11),
while five out of eleven patients possessed IgG antibodies
(Fig. 6, bottom panel ‘+’; patients 1, 2, 6, 7, and 11). These
data reflect that gliomas are associated with an array of
common antigens recognized by host patients.

Discussion

‘We show here that the chambers, which act as carriers in our
vaccination paradigm, release two components that impact
the immune system. The included glioma cells release small
antigenic particles that are characterized, using a novel flow
cytometry-based approach, as exosomes. Scatter character-
istics readily defined particles released by glioma cells in
culture that fall within the range of 0.1-uM beads, consist-
ent with the established size of exosomes [11, 14]. When a
fluorescent lipophilic dye was included in the cell cultures,
the elaborated exosomes also fluoresced, and the inclusion
of a fluorescent parameter improved their detection by flow
cytometry. Glioma-derived exosomes were found to express
CD63, CD71, and CD81, endosomal antigens that define
exosomes. No evidence of non-specific or Fc-mediated anti-
body binding was detected. While larger particles produced
by glioma cells can be labeled with DiO, these do not dif-
fuse across the chamber membrane.
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Fig. 4 Antigen-presenting cells take up AS-ODN released from
chambers and express increased costimulatory molecules. a FITC-
conjugated AS-ODN was encapsulated in diffusion chambers and
incubated in wells containing PBS. Median fluorescence intensity of
extracapsular fluid was analyzed over 48 h on a plate reader. A best-
fit line, corresponding equation, and R value are included in the
chart. b—-e PBMC were incubated in the absence (untreated) or pres-
ence of FITC-conjugated AS-ODN for 30 min (b, ¢) or unlabeled AS-

To confirm that exosomes produced by glioma cells are
immunogenic, we performed proof of principle studies using
the mouse GL261 flank model. A single chamber containing
GL261 cells and NOBEL AS-ODN, implanted in autolo-
gous mice overnight, protects 85 % of the animals from
tumor growth following implantation of GL261 cells 14 days
later. Administration of different doses of GL261 exosomes
revealed protective immunity that was elicited by as little as
1.6 g. The protection was associated with the production of
antibodies that bound GL261 cells in vitro and evidence of T
cell reactivity. Lymph node CD4+ T cells from mice recently
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inoculated with exosomes, but not PBS, produced IL2 and
ILS ex vivo, and CD4+ T cells isolated from the lymph
nodes of mice given exosomes 21 days previously responded
by expressing IL5 when restimulated with exosomes in vitro.
ILS5 is a member of the common p-chain family of cytokines,
shared with GM-CSF and IL3 [38], is secreted by T helper
type 2 (Th2) cells [39] and acts primarily on B cells [40] to
promote antibody production [41]. While it has often been
considered that exosomes are immunomodulatory [43] or
immunosuppressive [28, 42], our results are consistent with
previous studies indicating that at least some exosomes may
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Fig. 5 GL261-derived exosomes are highly immunogenic. C57BL/6
mice were implanted with: a PBS (n = 20), exosomes (n = 40), or
vaccine chambers containing either AS + GL261 cells (n = 20) or
PBS (n = 20); b varying concentrations of exosomes (n = 10 per
concentration, 100-0 pg). Mice were challenged with 10° GL261
cells 1-2 weeks later, tumor growth was monitored for 85 days, and
mice euthanized if tumors reached 1 cm in diameter. a The incidence
of mice with tumors <1.0 cm is presented as a percentage in Kaplan—
Meier curves with statistical significance being determined by the
log-rank test (p < 0.0001) and Wilcoxon rank-sum test (p < 0.0001).
b Tumor (1 cm) incidence is plotted as a percentage &= SD with statis-
tical significance assessed by the Student’s 7 test (p = 0.023-0.0055).
Inset contains images of an excised tumor and a representative H&E

be immunostimulatory. In mouse models, SMA560 astrocy-
toma-derived exosomes have been found to elicit antibodies
and protect against the growth of SMAS560 cells in the flank
but not CNS [18], while a tumor-specific antibody response
elicited by vaccination with GL261 lysate/CpG ODN and
boosted with Fc-OX40L has been implicated in protection
against GL261 tumor formation following implantation in
the flank and CNS [43].

NOBEL AS-ODN has potentially immunogenic structural
characteristics and rapidly crosses the chamber membrane.
Using fluorescently labeled AS-ODN, we found that uptake
over a 30-min period was highest in monocytes. Uptake by
myeloid DC was also substantial being approximately 50 %

stained section(40x with 50 wM scale bar). ¢ Levels of GL261-spe-
cific IgG antibodies in sera from PBS or exosome immunized mice.
Statistical significance was assessed using a one-tailed Student’s ¢ test
(p = 0.0293). Cytokine production was assessed by intracellular flow
cytometry in DLN cultures from mice given: d—e weekly exosome
(exo) or PBS injections (3x); f single injections of exosomes (exo) or
PBS and restimulated in vitro with exosomes. Cytokine production in
CD4+ gated T cells is shown by contour plots in (d) and by the fre-
quency of cytokine producing CD4+ T cells in (e, f) where statistical
significance was assessed by Student’s ¢ test. The background propor-
tions of cytokine producing cells in (f) were not statistically different
between the groups of mice, averaging 0.48 £ 0.28 %, and were sub-
tracted from test values

of that of monocytes and nearly threefold higher than plas-
macytoid DC. AS-ODN uptake by B cells was also detected
at low levels, but not observed in T and NK cells. To exam-
ine the effects of AS-ODN on cell activation, we added
NOBEL to cultures of PBMC. Overnight incubation with
NOBEL AS-ODN had a significant impact on the expression
of activation markers CD80, 83, and 86 in B cells and plas-
macytoid DC. No effect on the expression of these markers
by monocytes and myeloid DC was seen, possibly because
these cells constitutively expressed the molecules in culture.
Exosome-elicited antibodies are a component of the
immune response to GL261 in mice. Moreover, human
glioblastoma cells spontaneously release exosomes, at least
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Fig. 6 Antibodies from glioblastoma patient plasma bind exosomes.
Exosomes, isolated from three primary patient tumor cell lines (cir-
cle, rectangle, triangle), were coated onto 96-well plates. Binding of
antibodies in recurrent glioblastoma patient plasma collected before
surgery were detected with fluorescently conjugated secondary anti-
bodies specific for IgM (fop) and IgG isotypes (bottom). Median fluo-
rescence intensity (MFI) is displayed with sample median (diamond
center line) and 95 % confidence intervals (diamond points). Statisti-
cal significance was assessed by ANOVA and Tukey’s post hoc analy-
sis (letter groupings, p < 0.0001)

in culture. Together with the fact that surgical intervention
is likely to release tumor antigens, this led us to speculate
that exosome-reactive antibodies may be present in the
circulation of some patients following resection of a glio-
blastoma. To test this possibility, we examined sera from
patients returning to the clinic for treatment of recurrent
glioblastoma for the capacity to bind exosomes prepared
from three distinct primary glioblastoma cultures derived
from unrelated subjects. Four of the eleven subjects showed
statistically significant IgM antibody binding to all three of
the exosome preparations. Three of these subjects and two
others had significant levels of IgG antibodies reactive for

@ Springer

all three exosome preparations. This confirms that a cohort
of subjects with glioblastoma have been sensitized to their
tumor antigens either spontaneously or as a consequence of
surgery. Notably, antibody activity was shared for all three
exosome preparations suggesting that there is a common
antigen or antigens involved.

In conclusion, we have used new approaches to identify
immunogenic glioma exosomes that are likely to provide
the antigen source for our chamber-based vaccine. We have
established that the included AS-ODN is released from the
chambers, is immunostimulatory, and therefore likely to
enhance presentation of these antigens. Finally, we have
shown that exosomes prepared from glioblastoma cells from
unrelated patients can be used in an ELISA format to detect
antibodies in sera from a cohort of glioblastoma patients.
These results strongly suggest that some patients can mount
an immune response to antigens that are shared by different
glioblastomas and may benefit from our vaccination strategy.
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