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ABSTRACT

Glioma cells release exosomes in culture and into the extracellular matrix in vivo.
These nanobodies transport an array of biomolecules and are capable of mediating
cell-cell communication. Circulating exosomes in cancer patients may be indicative
of disease status and response to therapy. The inhibitor of apoptosis protein (IAP)
survivin (SVN) promotes cancer cell proliferation, local immune suppression and
resistance to chemotherapy and it is a potential cancer biomarker. We used imaging
flow cytometry to perform quantitative measurements of circulating SVN+ exosomes
in the serum of malignant glioma patients undergoing investigational treatment
with an anti-survivin vaccine (SurVaxM). Serum from glioma patients contained
abundant CD9+ exosomes with both SVN and glial fibrillary acidic protein (GFAP) on
their surface. Survivin and GFAP were evaluated both independently and together
as possible tumor markers on CD9+ exosomes. Patients with longer time to tumor
progression generally exhibited a decrease in circulating CD9+/SVN+ and CD9+/
GFAP+/SVN+ exosomes immediately following survivin vaccination; whereas, those
with early tumor progression had an increase in exosomes, despite anti-survivin
immunotherapy. Serum from non-cancer healthy control individuals had very few
detectable CD9+/GFAP+/SVN+ exosomes, although CD9+/GFAP+ exosomes were
detectable in small numbers. This study demonstrates that patients with malignant
gliomas have CD9+/GFAP+/SVN+ and CD9+/SVN+ exosomes that are released into
the circulation and that early reductions in their numbers following anti-survivin
immunotherapy might be associated with longer progression-free survival.

INTRODUCTION survivors. Currently, glioma patients undergoing therapy
are followed with serial magnetic resonance imaging

Malignant gliomas constitute a group of brain studies, but to date no clinically useful liquid biomarkers
cancers for which advances in treatment have been quite have been made widely available for monitoring disease
limited. The most common of these cancers, glioblastoma, status. Several investigators have suggested that analysis
remains a devastating disease with few long-term of circulating extracellular vesicles or exosomes might
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Table 1: Patient characteristics

Patient Age Sex Tumor type' IDH-1 (R132H) Disease Survivin+ Cells Doses of PFS (weeks)
Burden? in Tumor (%) Vaccine

1 38 M G + + 22% 4+ 14 208+

2 58 M G + + 1% 4+2 88.0

3 57 M A + + 2% 4+1 96.4

4 45 F G + +++ 10% 4 8.0

5 52 F G - + 7% 4 8.6

6 48 F G - ++ 8% 4 10.4

7 61 M G - 15% 4 25.1

8 54 M G + + 4% 4 9.4

!G, glioblastoma; A, anaplastic glioma; 2Disease burden measured on MRI at first dosing: (-) no measureable contrast
enhancement (C.E.); (+), measureable C.E. < 1 cm?; (++), >1cm?® but < 5 cm® C.E.; (+++), >5 ¢cm? C.E.; PFS: progression-

free survival.

provide a means to develop helpful diagnostic tools for
evaluating these patients [1-6]. However, the application
of existing technology for high throughput assessment of
protein biomarkers on the surface of exosomes has been
relatively limited.

There is considerable interest in exosomes and
other types of extracellular vesicles because of their
ability to transport an array of biomolecules between
cells, suggesting a potential mechanism for cell-cell
communication. Studies indicate that exosomes isolated
from glioblastoma cell culture media transport RNA
and protein molecules that may promote tumor growth.
Glioma-derived exosomes have been shown to stimulate
angiogenesis, tumor cell migration [7] and affect glioma
cell proliferation [8]. They also appear to modulate tumor
invasiveness [9], a common feature of gliomas accounting
for their very high local tumor recurrence rates and
consequent lethality. Thus, identification of biomolecules
displayed on the surface of circulating exosomes could
possibly be used to characterize tumor phenotype.

Survivin is a member of the inhibitor of apoptosis
protein (IAP) family that is expressed by many tumor
types, including malignant gliomas. Expression of survivin
in gliomas and other cancers is associated with a poor
prognosis [10-13] and refractoriness to chemotherapy
[14]. Although it was initially defined as an intracellular
molecule, more recently, survivin has been identified on
the outer surface of exosomes produced by cervical and
prostatic carcinoma cells [15, 16].

Survivin has multiple biological actions and
isoforms. It is primarily expressed during the G2/M phase
of the cell cycle where it interacts with the mitotic spindle
apparatus. As such, it regulates microtubule dynamics
during metaphase and anaphase [17, 18]. Hence, cellular
depletion of survivin during mitosis can induce aberrant
chromosomal segregation, furthering genomic instability

and mitotic catastrophe [19]. It also inhibits apoptosis by
modulating the function of certain cell death proteases
[20]. These properties and others make it a potential target
for cancer therapies.

Epitopes of survivin are presented by MHC I
complexes on the surface of tumor cells making them
immunologically targetable. Patients with cancer,
including gliomas, have anti-survivin antibodies
[21] and survivin-specific T cells [22] in peripheral
blood. Therefore, survivin is immunogenic and its
immunogenicity may be enhanced with the aid of survivin
mimics [23, 24]. Several studies have looked at active,
specific vaccination against survivin to treat various
cancers [25-27], including malignant gliomas [28].

Here we show that patients with malignant gliomas
have circulating exosomes with both survivin and glial
fibrillary acidic protein (GFAP) detectable on their surface
using imaging flow cytometry. In the current study, we
specifically examined survivin and GFAP on the surface
of serum-derived CD9+ exosomes from patients with
recurrent malignant glioma who underwent investigational
therapy consisting of active specific vaccination against
survivin.

RESULTS

Patient characteristics

Patient characteristics are listed in Table 1. All
evaluable patients in this study had recurrent high grade
glioma WHO grade III (1 patient) or IV (7 patients) and
had failed standard treatment. Patients had recurrent or
progressive disease documented by MRI at the time of
entry. Eight of nine patients originally enrolled in the
vaccine study received the full complement of 4 prime-
boost doses of SurVaxM and 3 patients received at least 1
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additional booster dose following the prime-boost phase
of treatment. The composition of the survivin vaccine,
adverse events and immunologic effects are reported
elsewhere [28]. Of the 9 patients entered in this clinical
trial, one individual (not included in Table 1) received only
2 doses of vaccine and was excluded from analysis due
to early, rapid tumor progression and unavailability for
a follow-up blood sample. All patients had measureable
disease on brain MRI scans at entry; however, there was a
range in the volume of abnormal contrast enhancing tumor
tissue on T1-weighted scans at baseline (Table 1).

Survivin and GFAP expression by tumor cells

A diagnosis of either glioblastoma (7 patients)
or anaplastic glioma (1 patient) was confirmed (Figure
1A) by the neuropathology co-investigator (J.Q.) in all
cases. Of the 8 evaluable patients, all had GFAP (Figure
1B) and survivin (Figure 1C) expression in their tumors,
as detected by immunohistochemistry (IHC). GFAP
expression was both strong and diffuse in all tumors. Five
of eight evaluable patients had IDH-1 mutation R132H
(Figure 1D and Table 1). Visually detectable survivin
expression was present in 1-22% of tumor cells (Table 1).
There was no association between IDH-1 mutation status
and survivin expression.

Exosome characteristics

The morphology of exosomes isolated from the
serum of patients was characterized using electron
microscopy (Figure 2A). In addition, exosome size was
measured by nanoparticle tracking analysis (Figure 2B).
Results from three captures were averaged, yielding a
measured concentration of 3.68 x10° particles/mL, with
mean particle size of 87 nm and a modal particle size of
74 nm. GFAP- and survivin-containing, CD9+ exosomes
were measured by ImageStream” imaging flow cytometry
in serum samples obtained at baseline (just prior to first

vaccination) and approximately 9 weeks (range 8.6 —
10.3 weeks) following the first of four vaccinations
administered at 2-week intervals (Figures 3 and 4). In
addition to this immediate post-vaccination time point,
later follow-up samples were obtained in several patients
with relatively longer time to tumor progression (Figure
3). Three non-cancer healthy control individuals who did
not receive the survivin immunogen were also assessed for
survivin and GFAP expression on CD9+ exosomes (Figure
3, bottom row, and Table 2).

Composition of baseline CD9+ exosomes in
glioma patients and non-cancer controls

There was no statistically significant difference
between the total number of CD9+ exosomes in
glioma patients at baseline and the non-cancer control
population. In the glioma patients, a relatively large
fraction (range 18.2 — 27.1%; mean = 22.8%) of CD9+
exosomes had GFAP on their surface. In contrast, a small
but detectable fraction (range 2.7 — 3.2%; mean = 2.9%)
of CD9+ exosomes from non-cancer healthy controls
had GFAP on their surface (a 7.9-fold difference; Table
2). Taken as a single marker, survivin was present on an
average of 9.1% of CD9+ exosomes of glioma patients
(range 0.8 — 35%) at baseline (i.e. before vaccination)
and on an average of 0.43% of control CD9+ exosomes
(range 0.0 — 1.2%; a 21-fold difference; Table 2). The
double marker GFAP+/SVN+ subpopulation of CD9+
exosomes was much higher in glioma patients (range
0.6 — 27.2%; mean = 6.8%) than in controls (range 0.0 —
0.1; mean = 0.03%), a 227-fold difference (Table 2). In
glioma patients, baseline CD9+/GFAP+/SVN+ exosome
levels had no apparent correlation with percentage
of survivin-positive cells detected in tumor tissue by
immunohistochemistry (Tables 1 and 2). In some cases,
however, there was a period of weeks or months between
tumor biopsy or resection and study entry (i.e. baseline
exosome sampling).
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Figure 1: Representative patient tumor sections (patient #1) showing: (A) hematoxylin and eosin stain of recurrent glioblastoma with
small cell features (400x) and immunohistochemical stains for: (B) glial fibrillary acidic protein (GFAP), (C) survivin, and (D) mutant

isocitrate dehydrogenase-1 (IDH-1 R132H).
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Late tumor progression

Patients were divided into 2 groups based on time to
tumor progression (TTP) > 25.1 weeks arbitrarily defined
as late progression (Figure 3) and TTP < 25.1 weeks as
early progression (Figure 4). Exosomes were evaluated
at baseline (i.e. prior to vaccination) and an average of
9 weeks (8 — 10.3 weeks) following the first survivin
vaccination out of a series of 4 vaccinations given over
6 weeks. In patients with late or no tumor progression,
two of three individuals experienced tumor progression an
average of 15 weeks after initial vaccine treatment (Figure
3 and Table 1). The remaining patient with recurrent
glioblastoma remained progression-free beyond 208
weeks (> 4 years).

Early tumor progression

Five patients experienced early tumor progression
with a mean of 12 weeks (8 - 25.1 weeks) from study
entry (Figure 4 and Table 2). Early tumor progression
was accompanied by an increase in CD9+/GFAP+/
SVN+ exosomes (Figure 4). One patient (#7), who was
the last of the patients with early progression to progress,
experienced a detectable increase in CD9+/GFAP+/SVN+
exosomes 9 weeks following initial vaccination (Figure
4, row 4), which was 16 weeks prior to the detection of

A

Concentration (particles / ml)

tumor progression on brain MRI scanning. This patient
was clinically asymptomatic at the time of that scan.

Antibody 60.11 does not bind the survivin motif
contained in the vaccine

An apparent decrease in survivin-bearing exosomes
following vaccination could occur if the detecting antibody
recognized the same portion of the survivin molecule that
is represented in the survivin peptide vaccine (SurVaxM)
itself. Such survivin antibodies produced in response
to vaccination could “cloak™ the exosomes leading to
a failure to detect them by imaging flow cytometry.
Antibody 60.11 used in imaging flow cytometry bound
to full-length survivin protein immobilized on a filter, but
it did not bind to the 15-amino acid long peptide survivin
mimic contained in SurVaxM, nor to the corresponding
wild type survivin sequence (Figure 5) making this
possibility unlikely.

Relationship of exosome markers to tumor
progression

Figure 6 show the relationship of the different
exosome markers to disease status in patients with early
(blue) versus late (red) tumor progression. The fraction
of CD9+ exosomes with GFAP marker was variable at
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Figure 2: (A) Electron microscopic image of exosomes isolated by ultracentrifugation from the baseline serum sample of patient #2. The
image was captured at 50,000x and scale bar indicates 200 nm. (B) Representative nanoparticle tracking (Nanosight) profile of exosomes

isolated by ultracentrifugation (patient #2).

www.impactjournals.com/oncotarget

114725

Oncotarget



A Patient 1: Baseline 8.6 weeks Post-Vaccine 94 weeks Post-Vaccine

o .
E % % 1e3
L
© 100 - o 100 -| O 100 -}
0] 0- 0-]
-100 -] -100 ~ -100 -
-1e3 R -1e3 £ 5 13 ———
-1e3 1000100  1e3  de4  f1es 1e3 1000100 1e3 e  feb 3 1000 100 1e3 fed  1e5
Survivin survivin sSumvivin
Patient 2: Baseline 9 weeks Post-Vaccine 78 weeks Post-Vaccine
o o o
< < <
w L L
O] O o
-1e3 -1000 100 1e3 1e4 1e5 -1e3  -1000 100 1e3 1ed 1e5 -1e3 1000 100 1e3 1e4d  1e5
Surivin Survivin Survivin
Patient 3: Baseline 9 weeks Post-Vaccine 52 weeks Post-Vaccine
185-5 165-§
1ed - 1ed o
o o 1e3 o 1e3 4
< < <
[T [T L
© o 100 ~ O 100 -}
0] 0]
-100 - -100 -
-1e3 e e -1l rme—eae—
1e3  -1000 100 1e3 1ed 1e5 -1e3  -1000 100 1e3 1ed 1e5 1e3 1000 100 1e3 1ed 1e5
Survivin Survivin Survivin
B Normal Control 1 Normal Control 2 Normal Control 3
1e5 1e5 =
1ed 1e4 -
a 1e3= n 1e3+ o
< < <
[T [T [T
O 100 O 100 o
0- 0]

-1000 100 -1000 100 e3 -1e3 1000 100 1e3 1ed 1e5
Survivin Survivin Survivin

Figure 3: (A) Imaging flow cytometry plots of CD9+/GFAP+/SVN+ exosomes in 3 patients who had late tumor progression
(88.0-173.3 weeks) after the first of 4 doses of survivin vaccine. CD9+/GFAP+/SVN+ exosomes at baseline (pre-vaccine, left
column) are shown; CD9+/GFAP+/SVN+ exosomes 8-10.3 weeks after receiving the first of four vaccine doses (middle column); and
CD9+/GFAP+/SVN+ exosomes 12-22 months after receiving first of four doses of survivin vaccine (right column). Bottom row (B)
demonstrates CD9+/GFAP+/SVN+ exosomes in 3 non-cancer healthy control individuals (no tumor, no vaccine).
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Figure 4: Imaging flow cytometry of CD9+/GFAP+/SVN+ exosomes in patients whose tumors progressed early (8.0-
25.1 weeks) following initial vaccination. CD9+/GFAP+/SVN+ exosomes at baseline (i.e. prior to first dose of vaccine) are shown
in the left column, CD9+/GFAP+/SVN+ exosomes obtained from serum 8-24 weeks after first dose of vaccine (middle column) at the time
of tumor progression, and in one patient (#7) at 25 weeks (right panel).
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Table 2: GFAP+, SVN+ and SVN+/GFAP+ exosomes measured by imaging flow cytometry as a percentage of all

CD9+ events

GFAP+ (% Total CD9+ Exosomes)

Survivint (% Total CD9+ Exosomes)

Survivint+/GFAP+ (% Total CD9+ Exosomes)

Patient Baseline 8 %  Extended % change Baseline 8 % Extended % Baseline 8 % change Extended % change
Weeks change Weeks change change Weeks

1 23.7 25.9 9% 33.1 40% 12.1 04  -97% 0.9 -93% 104 0.3 -98% 0.6 -94%

2 18.2 169  -7% 26.3 45% 350 171 -51% 1.4 -67% 272 115 -58% 9.0 -67%

3 229 205 -10% 18.7 -18% 0.8 1.2 53% 0.3 -63% 0.6 0.4 -31% 0.2 -65%

4 25.0 303 21% 5.1 20  -61% 32 1.2 -63%

5 19.8 194 2% 1.6 14.1  781% 0.6 9.7 1417%

6 24.9 19.1  -23% 6.7 31.7 373% 4.4 21.6 393%

7 21.0 17.8  -15% 16.0 -24% 6.3 27.5 340% 465 644% 44 19.8 349% 37.6 753%

8 27.1 265 2% 5.3 23 -57% 3.8 1.4 -63%

Cl 2.9 0.1 0.0

C2 32 0.0 0.0

C3 2.7 1.2 0.1

Glioma patients 1-3 and 4-8 and non-cancer healthy controls (C1, C2 and C3) are shown. Glioma patient #4 is not shown due to failure to complete the
prime-boost vaccine regimen due to rapid tumor progression. Baseline measurements were made on serum obtained prior to first vaccination and 8-week
values were obtained 2 weeks after administration of the last of 4 vaccine doses.

9 weeks (Figure 4A; p = 0.39). In contrast, the fraction
of CD9+ exosomes with survivin positivity showed
a significant change at 9 weeks, generally consistent
with the patient’s tumor status (Figure 6; p = 0.0299).
Moreover, the fraction of CD9+ exosomes with both
GFAP and survivin positivity also showed a significant
change at 9 weeks consistent with the patient’s tumor
status (Figure 6; p = 0.0225).

Three patients had either late (20.5 - 22.5 months),
or no tumor progression (no evident disease on MRI
4 years after study entry) in one patient (Table 1). This
latter patient (#1) without tumor progression experienced
a 98% reduction in serum CD9+/GFAP+/SVN+ exosomes
9 weeks after initial vaccination and a 94% reduction at
22 months (Table 2). Late or absent tumor progression
was accompanied by a persistent reduction in both
CD9+/SVN+ and CD9+/GFAP+/SVN+ exosomes in
2 of 3 patients as well. One patient (#7; Table 2) with
late progression experienced an initial increase (+53%)
in CD9+/SVN+ exosomes 8 weeks after vaccination;
however, both CD9+/SVN+ and CD9+/GFAP+/SVN+
were ultimately lower than baseline at extended follow-
up. Moreover, this individual had low survivin expression
(2% of tumor cells) by IHC and had exosome counts that
were marginally above detectable levels.

DISCUSSION

Although the blood brain barrier tightly modulates
the passage of biomolecules into and out of the central
nervous system, it has also been recognized that brain
tumor-derived exosomes are found in the bloodstream

of patients with malignant gliomas [29]. Exosomes have
been shown to cross the intact blood brain barrier [30] and
can be used to deliver therapeutic payloads into the brain
[30]. Exosomes isolated from the serum of patients with
gliomas have been shown to contain EGFR, EGFRVIII,
TGF-beta and other proteins and nucleic acid species
[1, 2, 31-33]. In one study, various microRNA species,
including RNUG6-1, were present in serum exosomes
from glioblastoma patients, but not non-cancer controls
[32]. The possibility that serum exosomes could be used
to gauge response to therapy or survival has also been
hypothesized [2, 6]. One study has even suggested that
microvesicles could help to distinguish between tumor
progression and pseudoprogression in glioma patients
undergoing treatment [4].

Most studies of exosomes have been conducted
using Western blotting and RT-PCR techniques to analyze
protein and nucleic acid constituent species, respectively.
Because conventional flow cytometers cannot reliably
detect extracellular vesicles that are <300 nm, we
employed high resolution imaging flow cytometry to
obtain a quantitative enumeration of immunolabeled
exosomes [34]. This technique is capable of detecting
particles in a size range not typically detectable by
conventional flow cytometry [35].

CD9 is a member of a family of tetraspanin proteins
found in abundance in exosomes. It has been theorized
that tetraspanins, including CD9, assist in the biogenesis,
cargo selection, and endocytosis of exosomes from
the cell [36]. The role of CD9 in cancer development
remains a matter of controversy. Among patients with
glioblastoma, expression of CD9 by tumor cells has been
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reported to be associated with a poor prognosis [37]. In
our preliminary studies, fluorochrome-conjugated CD9
antibody provided more sensitive detection of isolated
exosomes than either CD63 or CD81 antibodies (data not
shown). Therefore, CD9 was used as the primary marker
for exosome detection here, but other tetraspanins remain
to be explored more extensively as well.

Our results indicate that the blood of both glioma
patients and non-cancer controls contain a population
of CD9+ exosomes. In glioma patients, a relatively
large fraction of the CD9+ exosomes were also GFAP-
positive (mean = 25.1%); whereas, a small but detectable
fraction (mean 2.9%) of CD9+ exosomes from
control individuals had GFAP on their surface (an 8.7-
fold difference). Thus, GFAP-containing exosomes can
appear in the bloodstream of individuals without glioma
making GFAP a relatively non-informative marker by
itself. In contrast, survivin was present in 9.1% of CD9+
exosomes of glioma patients and only 0.43% of controls
(a 21-fold difference). Moreover, in the CD9+/GFAP+
subpopulation, double-positive exosomes from glioma
patients appeared as a much higher percentage of CD9+
exosomes (mean = 6.8%) than in controls (mean = 0.03%),
a 227-fold difference. Thus, a combination of markers may
be required to provide the best sensitivity and specificity.

GFAP expression is relatively restricted to the
central nervous system, although it has also been
detected in the renal glomerulus [38] and testis [39] and
in osteocytes [40], chondrocytes [41] and fibroblasts
[42]. In the CNS, GFAP is expressed by astrocytes
where it helps to extend astrocytic processes in support
of adjacent neurons [43], maintains blood-brain barrier
integrity and supports myelination of white matter [44].
Serum GFAP levels are elevated in different pathologic
conditions affecting the CNS, including stroke [45] and
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tumor [46, 47]. Serum GFAP levels measured by ELISA
are reported to be of value in assessing prognosis after
closed head injury [48]. While the presence of GFAP in
blood following traumatic brain injury (TBI) is thought
to occur via the recently identified glymphatic pathway
[49], it is not entirely clear whether serum GFAP in these
studies is soluble or exosome-associated. Nevertheless,
GFAP can be found in the serum of patients with different
neuropathologic states and its presence at elevated levels
is not specific for the presence of a cerebral glioma. In
our study, all non-cancer controls had low but detectable
levels of GFAP-containing exosomes in their bloodstream.
However, in combination with survivin expression, and
viewed within the right clinical context, GFAP may add
to the specificity of detection of glioma-derived serum
exosomes.

One immunohistochemical study of gliomas
revealed that 29 of 29 glioma specimens (WHO grades
II-IV) contain survivin-positive cells [12]. In this study,
the mean percentage of tumor cells that were survivin-
positive cells was 70.0% in low grade gliomas, 81.3%
in anaplastic gliomas and 85.0% in glioblastomas. Our
patients generally had a lower percentage of cells that
stained positively for survivin. In the previous paper, the
investigators used polyclonal anti-serum for detection.
In contrast, we employed an FDA-approved in-vitro-
diagnostic rabbit monoclonal survivin antibody (clone
EP119) that appears to be considerably more specific,
along with an Omnis (DAKO) autostainer to reduce non-
specific staining. The finding of non-uniform survivin
expression in tumors is consistent with the fact that
survivin expression is cell cycle dependent, appearing
largely in G2/M phase [50].

Survivin is found in the nucleus and in mitochondria
and has generally been regarded as an intracellular protein

Figure 5: Binding of antibody (60.11) used in imaging flow cytometry to full-length survivin protein and to survivin
vaccine peptide aa53-67/M57 and wild type peptide aa53-67.

www.impactjournals.com/oncotarget

114729

Oncotarget



with a variety of molecular interactions. More recently,
however, the molecule has been identified in association
with exosomes produced and released by tumor cells both
in culture and in vivo [15]. Several actions have been
ascribed to exosomal survivin, including adverse effects

on immune function within the tumor microenvironment
and angiogenic effects as well [S1]. Survivin also assists in
regulating cell division and inhibiting apoptosis. Although
the intracellular functions of survivin are relatively well
studied, an understanding of its role in the extracellular
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Figure 6: Percent change in (A) CD9+/GFAP+, (B) CD9+/SVN+, and (C) CD9+/GFAP+/SVN+ exosomes following vaccination.
Comparison of post-vaccination serum exosomes in patients with: late tumor progression (LP, red) and early tumor progression (EP, blue).
Average change in percentage of CD9+/GFAP+ exosomes was assessed with an ordinary two-way ANOVA, p = 0.3909.
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matrix and tumor microenvironment is still in a nascent
stage.

Survivin is a protein that is strongly tumor-
associated. Although it is expressed heavily in fetal tissues
[52], expression by adult terminally differentiated tissues
appears to be rare. The presence of anti-survivin antibodies
[21] and specific T cell responses to survivin-expressing
tumor cells in cancer patients strongly suggests that
survivin is released systemically from tumor cells and that
it is immunogenic to some degree. This is also consistent
with evidence that vaccination against survivin appears
to stimulate pre-existing immune memory responses in
cancer patients leading to the generation of cytotoxic T
cell and antibody responses with therapeutic potential
[23]. It is possible that survivin on the surface of exosomes
is one means by which the molecule is presented to the
immune system in cancer patients.

The survivin promoter is known to be inducible
by low dose radiation therapy [53]. Moreover, survivin
has been identified in exosomes isolated from media
of cultured HeLa cells exposed to sub-lethal doses of
ionizing radiation [15]. In this study, proton irradiation
increased exosomal survivin levels, but did not increase
overall exosome numbers. Thus, radiation therapy
or chemotherapy, of gliomas could increase survivin
levels in serum exosomes, even in the absence of tumor
progression. Since radiation therapy is an important
component of glioma therapy, it will be important to
examine the effects of ionizing radiation therapy and
tumor treating fields (TTF) on circulating survivin-
containing exosomes.

In the current study, increases in both CD9+/SVN+
and CD9+/GFAP+/SVN+ exosome levels, taken as a
fraction of all CD9+ exosomes, proved to be associated
with tumor progression; whereas, CD9+/GFAP+ exosomes
did not. We did not observe a clear correlation between
residual bulk disease on MRI and baseline exosome
numbers. Both this, and the weak correlation between
exosome counts and tumor cell survivin staining, could
be explained by the variable time interval between tumor
tissue sampling and baseline exosome recording at study
entry.

It is possible that antibodies produced in response
to survivin vaccination of glioma patients could have
remained bound to serum exosomes resulting in a
“cloaking” of survivin moieties on the surface of exosomes
measured by imaging flow cytometry. This is not likely
to explain the current results since the fluorescent
antibody (60.11) used to detect exosomes in imaging flow
cytometry does not bind to either the survivin peptide
mimic present in the vaccine, or the wild type survivin
peptide sequence.

Currently, the best way to monitor patients with
malignant gliomas who are undergoing treatment is
with brain MRI scans. The combined detection of CD9,
survivin and GFAP markers on the surface of serum-

derived exosomes from glioma patients by imaging
flow cytometry may provide another useful tool for
monitoring tumor status in patients receiving survivin-
based immunotherapies. It might also be possible to use
this technique to monitor glioma progression and response
to other types of treatment. The identification of additional
tumor markers on the surface of exosomes could enable
monitoring of other tumor types, or of distinct populations
within them, via sampling of blood. Before utility as a
biomarker can be established, it will be essential to assess
the independent effects of surgery, radiation-based therapy
and chemotherapy on circulating survivin-containing
exosomes in larger patient cohorts.

MATERIALS AND METHODS

Study overview

The clinical study (NCT01250470), from which
blood samples were derived, was conducted in patients
with survivin-positive malignant gliomas whose tumors
had recurred or progressed following standard therapy.
All patients had developed recurrent disease after at least:
surgical resection, fractionated radiation therapy and one
or more regimens of chemotherapy, including at least
temozolomide. Vaccine characteristics and the results of
this nonrandomized, single-institution, first-in-man clinical
trial designed to assess a fixed-dose, anti-survivin, vaccine
regimen have been reported previously [28]. A regimen of
SVN53-67/M57-KLH (500 pg) with Montanide ISA 51 and
sargramostim (100 pg) was given subcutaneously every
two weeks for a total of 4 doses. Patients that survived 6
months without disease progression or regimen-limiting
toxicity received additional booster doses of vaccine every
three months until tumor progression. Use of the study
drug is registered with the FDA under IND #14674. All
investigations were performed under a clinical therapeutic
protocol approved by the Institutional Review Board at
RPCI and in accordance with an assurance filed with the
U.S. Department of Health and Human Services. Informed
consent was obtained from each subject prior to treatment.

Patient characteristics and treatment

The study population consisted of patients 18 years
of age or older, who had histological proof of recurrent or
progressive glioblastoma or anaplastic glioma, following
failure of standard therapy. Karnofsky performance status
(KPS) > 70, HLA-A"02 or HLA-A"03 haplotype and
documented survivin expression by tumor cells were all
required for entry. In addition, absence of infection, white
blood cell count > 3,000/mm?, platelets > 100,000/mm?,
hemoglobin > 10.0 g/dL, and normal renal and hepatic
function were required. Patients were required to use
contraceptive methods during and after treatment. Cranial
surgery (repeat resection) was permitted prior to entry, but
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vaccine could not be administered before the 14th post-
operative day. Enrolled patients received at least 4 doses
of the vaccine to be evaluable for both immunological and
clinical response. All patients were followed for immune
response and with brain MRI scans to assess tumor
response and time to progression.

Immunohistochemistry

Detection of survivin in surgical tumor specimens
was performed with rabbit monoclonal survivin antibody
clone EP119 (ready-to-use, Bio SB, Santa Barbara, CA),
and IDH-1 (R132H) was detected with mouse anti-human
IDH-1 R132H monoclonal antibody clone H09 (1:50,
Dianova, Germany) using a Dako Omnis autostainer
(Dako North America, Inc. Carpinteria, CA). The
percentage of cells expressing survivin was determined by
manual counting. IDH-1 mutational status was determined
by the presence or absence of cytoplasmic staining.

Exosome isolation from blood

Patient (n=8) serum samples were collected,
processed and stored within 3 hours at -70°C. Blood
samples were collected from normal (non-cancer)
healthy, non-cancer, control individuals (n=3). Exosomes
were isolated from thawed serum by differential
ultracentrifugation as previously described (Théry et al,
2006). Serum (200 pl) was spun by ultracentrifuge at
10,000xg for 80 minutes at 4°C in 11 x 34 polycarbonate
tubes (Beckman Coulter Inc., Fullerton, California).
Supernatant was collected and spun in an ultracentrifuge
at 100,000xg for 80 minutes at 4°C using a TLA 100.2
rotor (Beckman Coulter Inc., Fullerton, California). The
supernatant was discarded and exosome pellets were re-
suspended in 200 pl sterile phosphate buffered saline
(PBS). Exosome preparations were stored frozen at -70°C.

Electron microscopy

Exosomes were isolated and re-suspended in 50 pl
PBS, to which 50 pl of 4 % paraformaldehyde was added.
Samples were loaded onto Formvar-carbon grids (Electron
Microscopy Sciences, Hatfield, PA) as described elsewhere
[54]. Grids were incubated on droplets of exosomes for 40
minutes at room temperature, washed once in PBS, and
then incubated on droplets of 1 % EM-grade glutaraldehyde
for 5 minutes. Grids were stained with UranyLess
(EMS, Hatfield, PA), as described in the manufacturer’s
instructions. Dried grids were imaged at 80 kV using a
JEOL JEM-100CX II Transmission Electron Microscope
at the SUNY Buffalo Electron Microscopy Core Facility.

Antibody specificity

Purified recombinant human survivin (Abcam
#ab87202) or survivin peptide (aa 53-67 or aa53-67/M57)

were bound to nitrocellulose membrane using the Minifold
IT slot-blot system (Schleicher & Schuell). Membranes
were dried, blocked in 5% milk in TBST for 30 minutes,
then incubated overnight with anti-survivin antibody 60.11
(Novus, Littleton, CO) diluted 1:500 in blocking buffer.
Membranes were washed in TBST, incubated with HRP-
conjugated secondary anti-mouse antibody, washed again,
incubated with ECL reagent (Invitrogen), then exposed to
X-ray film.

Exosome labeling and data acquisition

Prior to labeling, conjugated antibodies were spun
at 10,000xg to remove antibody aggregates. Exosomes
(20 pl) were stained with GFAP Alexa Fluor 488
antibody (BioLegend, San Diego, CA), CD9 PE antibody
(BioLegened, San Diego, CA), and survivin DyLight 650
antibody (Novus Biologicals, Littleton, CO) for 30 minutes
at 25°C. Data were acquired on an ImageStream™ Mark 11
Imaging Flow Cytometer (AMNIS/Millipore, Billerica,
MA). Fluorescent signals were collected as follows: Alexa
Fluor 488 was measured at 480-560 nm, Phycoerythrin
(PE) was measured at 560-595 nm, and Allophycocyanin
(APC) and Dylight 650 were measured at 642-745 nm. All
readings were acquired at 60x magnification collected at
low flow rate. Data analysis was performed using IDEAS
software v6.1. A uniform gating strategy was applied on
CDO9+ events versus side scatter. Further analysis included
GFAP and survivin events based on CD9+ gate. In addition
to CD9, serum exosomes were confirmed positive for CD63
and CD8I tetraspanins (data not shown).

Nanoparticle tracking analysis

Exosome samples were diluted 1x10°-fold
in PBS immediately prior to nanoparticle tracking
analysis. Particle size data were acquired using a NS300
(NanoSight, Malvern Instruments Ltd., Malvern, UK)
equipped with a 405nm laser. Thirty-second movies
were recorded in triplicate on camera level 15, and then
analyzed with detection threshold 5 in NTA 3.2 Build 16.

Statistical analysis

Exosomes from each patient were compared in
terms of the percent increase or decrease over time
(approximately 9 weeks following first vaccination)
in relation to the raw exosome counts measured in the
baseline sample. Analysis of statistical significance was
performed using an ordinary two-way ANOVA.
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