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Abstract Autologous glioblastoma multiforme tumor
cells treated with an antisense oligodeoxynucleotide (AS-
ODN) targeting insulin-like growth factor receptor-1 (IGF-
IR) are the basis of a vaccine with therapeutic effects on
tumor recurrence in a pilot clinical trial. As a preface to
continued clinical investigation of this vaccination strategy,
we have studied the contribution of an optimized IGF-1R
AS-ODN, designated “NOBEL”, to the induction of immu-
nity to mouse GL261 glioma cells. The impact of NOBEL
on mechanisms contributing to the development of GL261
immunity was first examined in the periphery. GL261
cells are naturally immunogenic when implanted into the
flanks of congenic C57BL/6 mice, immunizing rather
than forming tumors in around 50 % of these animals but
causing tumors in the majority of mice lacking T and B
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lymphocytes. Overnight treatment with NOBEL in vitro
reduces IGF-1R expression by GL261 cells but has mini-
mal effect on cell viability and does not reduce the capacity
of the cells to form tumors upon implantation. In contrast,
tumors are extremely rare when GL261 cells are mixed
with NOBEL at inoculation into the flanks of C57BL/6,
and the recipient mice become immune to subcutaneous
and intracranial challenge with untreated GL261. Adaptive
immune mechanisms contribute to this effect, as immuno-
compromised mice fail to either fully control tumor for-
mation or develop immunity following flank administra-
tion of the GL261/NOBEL mix. NOBEL'’s structure has
known immunostimulatory motifs that likely contribute to
the immunogenicity of the mix, but its specificity for IGF-
1R mRNA is also important as a similarly structured sense
molecule is not effective.
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Abbreviations
AS-ODN Antisense oligodeoxynucleotide
APC Antigen presenting cells
BBB Blood-brain barrier
B2M '~  Beta-2 microglobulin knockout
(CD8 T deficient)
CELISA  Cell-based ELISA
DLN Draining lymph nodes
ELISA Enzyme-linked immunosorbent assay
FBS Fetal bovine sera
GBM Glioblastoma multiforme
IGF-1R Insulin-like growth factor 1 receptor
JHD/~ Antibody heavy chain knockout
(B cell deficient)
MFI Mean fluorescence intensity
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NKT Natural killer T cells

PBS Phosphate-buffered saline

gRT-PCR  Quantitative real-time polymerase chain
reaction

Rag2™~  Recombination activating gene
2 knockout (T and B deficient)

TLRO9 Toll-like receptor 9

Introduction

Grade IV astrocytomas, or glioblastoma multiforme
(GBM), are the most common primary brain neoplasm
[1]. The tumors are invasive within the central nervous
system (CNS) and, despite aggressive treatment gener-
ally consisting of surgical resection followed by radiation
and chemotherapy, the median survival is only 18 months
[2]. The inadequacy of conventional treatment for GBM
has stimulated investigations of alternative therapeutic
approaches, including immunotherapy. Due to the specific-
ity of the immune response and the potential of long-term
surveillance against tumor cells, the prospect of eliciting
an immune response against tumor antigens is an attrac-
tive approach for cancer treatment [4]. Immunotherapies
for various cancers are already approved by the FDA [5],
and others are currently being assessed in clinical trials [6].
CNS tissues represent an additional challenge for immu-
notherapy as they are protected from circulating immune
cells and factors by the blood—brain barrier (BBB) and do
not have a lymphatic system. This immunological privilege
may be expected to hinder an immune response to GBM
[7] and, despite experiments in rodent models demonstrat-
ing brain tumor immunity [8, 9], clinical trials in human
GBM have largely met with only limited success [4, 10].
The choice of immunogen is clearly an important aspect of
these trials. The strategy that we are investigating in Phase
1 clinical trials uses a vaccine consisting of autologous
tumor cells recovered at surgery that have been treated with
an antisense oligodeoxynucleotide targeting type 1 insulin-
like growth factor receptor (IGF-1R/AS-ODN) [11]. IGF-
1R is a tyrosine kinase cell surface receptor that regulates
cellular functions including proliferation, transformation
and cell survival [12]. Involved in tumorigenesis and pro-
tection against apoptosis, IGF-1R is viewed as a promising
target for antitumor therapies [13, 14] and was originally
studied for its effects on the growth of tumor cells, includ-
ing gliomas [15]. Tumor cells in which IGF-1R has been
targeted by antisense or small interfering RNA strategies
have proven to be immunogenic in both rat glioma and
mouse breast cancer models [16, 17]. Studies demonstrat-
ing the immunogenicity of rat C6 glioma cells treated with
IGF-1R/AS-ODN [30] led to the development of an autolo-
gous GBM vaccine investigated in a pilot clinical trial [11].

@ Springer

In that study, patients were immunized shortly after resec-
tion surgery by 24-h implantation in the rectus sheath of
0.1 wm porous chambers containing irradiated, IGF-1R/
AS-ODN-treated autologous tumor cells. Eight out of 12 of
the treated individuals showed clinical improvements con-
sistent with the activity of immune mechanisms [11].

Tumor cells treated with IGF-1R/AS-ODN may be
immunogenic as a consequence of apoptosis and antigen
release. In addition, the structure of an AS-ODN may con-
tribute to immunogenicity due to the presence of phospho-
rothioate linkages used to render the molecule resistant
to nuclease activity [18, 19], CpG motifs [20], guanosine
dinucleotide [21-23] and palindromic motifs [24]. The
objective of this study was to establish the mechanisms
through which a novel IGF-1R/AS-ODN (NOBEL) used
in GBM clinical trials promotes glioma immunity using the
mouse GL261 model.

Materials and methods
Oligodeoxynucleotides

A two codon downstream shift of the IGF-IR AS-ODN
designated “DWA” used in our initial clinical trial [11]
rendered “NOBEL”, a molecule with an improved growth
inhibition to cytotoxicity ratio [25]. The sequence of this
phosphorothioate-linked AS-ODN (Supplemental Fig. 1)
is complementary to codon 2-7 of IGF-1R mRNA with
its target conserved between mouse and human IGF-1R
mRNA. NOBEL was synthesized by Girindus America and
NOBEL-Sense by Integrated DNA Technologies.

Mice and tumor cell implantation

Male wild-type and knock-out mice on a C57BL/6 back-
ground, 8-10 weeks of age at experiment start, were
obtained from either Taconic Farms Inc. (C57BL/6 and
B2M ™~ 7), the Jackson Laboratory (C57BL/6 and Rag2” ),
or from in-house breeding of mice from the Jackson Labo-
ratory (JHD 7). Mice were anesthetized with isoflurane
and inoculated subcutaneously in the right flank with 10°
GL261 cells, untreated, treated overnight or mixed with
NOBEL, in 100 pl phosphate-buffered saline (PBS) or
stereotactically into the right cerebral cortex (1 mm ante-
rior to the bregma and 1 mm to the right of the midline, at
a depth of 3 mm) with 10° untreated GL261 cells in 2 pl
PBS. Challenge consisted of the implantation of untreated
GL261 cells, either 10° in the opposite flank or 10° in the
right cerebral cortex as above. Blood samples were col-
lected from the orbital plexus of mice under anesthesia.
Tumor volume (V) (mm?®) was calculated as V = W? x L/2
where W is the width in mm and L is the length in mm as
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determined using a caliper. All animal breeding and experi-
mentation was performed under protocols approved by the
Institutional Animal Care and Use Committee of Thomas
Jefferson University.

GL261 and NOBEL treatment

GL261, a glioma cell line originating from the brain of a
C57BL/6 mouse [26, 27], was obtained from the Divi-
sion of Cancer Treatment and Diagnosis Tumor Reposi-
tory of the National Cancer Institute. Cells were expanded
in RPMI medium containing 10 % heat-inactivated fetal
bovine serum (AFBS, Mediatech) at 37 °C in 5 % CO.,.
Treatment with NOBEL was conducted in serum-free Opti-
MEM (Gibco). Both media were supplemented with 4 mM
L-glutamine (Gibco), 50 pwg/ml gentamicin (Gibco) and
0.05 mM 2-mercaptoethanol (Sigma-Aldrich). NOBEL/
GL261 mix consisted of 10° GL261 cells mixed with 4 mg
of NOBEL immediately prior to the injection in a volume
of 100 w1 PBS. For viability assessment, GL261 cells were
incubated at 2 x 10* per well in flat bottom 96-well plates
(Fisher Scientific) containing 100 pl of serum-free Opti-
MEM and NOBEL or NOBEL-Sense for 24 h then stained
with SYTOX® (0.5 mM, Invitrogen) for 15 min before
analysis by flow cytometry (EasyCyte 8HT, Millipore).

Real-time quantitative reverse-transcription polymerase
chain reaction (QRT-PCR) analysis of mRNA expression

Levels of IGF-1IR mRNA in GL261 cells cultured with
NOBEL and NOBEL-Sense for 24 h as described above
were determined by qRT-PCR as previously described and
normalized to expression of the housekeeping gene L13a
[28]. Primers and probes were designed using the Web
Primer3 program and purchased from Integrated DNA
Technologies: Housekeeping ribosomal gene L13a For-
ward 5-TGGAAGTACCAGGCAGTGACA-3’; Reverse
5’-GCCTGTTTCCGTAACCTCAAG-3/, probe 5'-FAM-
AACGGAAGGAAAAGGCCAAGATGCAC-3/; IGF-1R
Forward 5'-CGACGAGTGGAGAAATCTGTG-3/, Reverse
5'-ATGAGCAGGATGTGGAGGAA-3’ and probe 5’-FAM-
CATTGACATCCGCAACGACTATCAGC-BHQ1-3'.

Cell processing, staining and flow cytometry

Draining and contralateral non-draining lymph nodes from
C57BL/6 mice injected with either NOBEL, NOBEL-
Sense or GL261 cells mixed with NOBEL 24 or 48 h pre-
viously were mechanically disrupted and digested with
collagenase (1 mg/ml) and DNase (0.02 mg/ml, both from
Sigma) in PBS for 20 min at 37 °C. The cell suspension was
passed through a 70-mm nylon mesh strainer and washed
with PBS prior to the staining with fluorescently labeled

monoclonal antibodies specific for mouse B220 (RA3-6B2)
CD19 (1D3), CD86 (GL1), Gr-1 (RB6-8C5) and PDCA-1
(CD317/BST2/Tetherin) (all from BD Biosciences) and
analysis by flow cytometry. For flow cytometric analysis of
IGF-1R expression by NOBEL and NOBEL-Sense-treated
GL261, cells were treated for 48 h in culture as described
above and then stained for 1 h at 4 °C with mouse anti-
IGF-1R PE-conjugated antibody (1H7, BD Biosciences).
GL261-specific antibodies in sera were detected by incu-
bating the cells in sera from immunized and non-immune
mice for 1 h followed by staining for 1 h at 4 °C with goat
anti-mouse IgG-FITC and IgM-TRITC (SouthernBiotech)
and flow cytometry. Isotype controls were used for all
staining. Fluorescence was assessed on a BD LSRII sys-
tem (BD Bioscience) and data analysis performed using
FlowJo software (Tree Star Inc.). For immunofluorescent
analysis of brain tissue sections, C57BL/6 mice, either
naive or immunized by the administration of GL261 in the
flank, were stereotactically implanted with 10° GL261 cells
in 2 pl PBS in the right cerebral cortex, transcardially per-
fused 12 days later, and cortical brain tissue snap-frozen
in Tissue-Tek® freezing medium (Sakura Finetek USA).
Sections along the track of the implantation were pre-
pared and stained with the nuclear DAPI stain, anti-mouse
CD4 (RM4-5, BD Biosciences) as well as anti-mouse Igk
(187.1, BD Bioscience) and then with Alexa488 or Alexa
633-conjugated secondary antibodies (Invitrogen). Slides
were imaged with a Nikon S1 Plus laser confocal micro-
scope (Nikon), and montages were assembled and anno-
tated in Photoshop (Adobe).

Cell-based ELISA

GL261 cells were plated at 2 x 10* in round-bottom
96-well plates (Nalge Nunc), incubated overnight in growth
medium then washed in buffer consisting of Hanks bal-
anced salt solution with 1 % AFBS and 0.05 % sodium
azide (Sigma-Aldrich). Mouse sera diluted in wash buffer
was added for 2 h at 37 °C followed by 1 h at 37 °C with
alkaline phosphatase-conjugated anti-mouse IgM (1:5,000),
IgG1 (1:2,000), IgG2a (1:2,000), IgG2b (1:2,000) or IgG3
(1:1,000) (all from MP Biomedicals). Secondary antibodies
were detected using nitrophenyl phosphate disodium salt
hexahydrate substrate (Sigma-Aldrich) read by absorbance
at 405 nm using a Kinetic Reader (Bio-Tek Instruments).

Statistical analysis

Each experiment was replicated at least twice with either
cumulative survival results or findings from representative
studies being presented. Graphs were plotted, and statis-
tics assessed using Prism 5.0 (GraphPad Software, Inc.) or
FlowJo. For mouse experiments, all survival curves were
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statistically assessed with the Mantel-Cox test. For all cell
experiments, the Kruskal-Wallis test followed by Dunn’s
post hoc test was used to assess differences in study param-
eters between groups.

Results

In vitro treatment of GL261 with NOBEL IGF-1R/
AS-ODN inhibits IGF-1R expression with minimal
cytotoxicity

Twenty-four hour treatment of GL261 cells with NOBEL
in vitro resulted in a statistically significant, dose-depend-
ent reduction in the levels of IGF-1R mRNA at 10 mg and
1 mg per 2 x 10* cells in 200 pl, while similar treatment
with NOBEL-Sense had no effect (Fig. la). Forty-eight
hours after NOBEL addition, IGF-1R expression by the
cells, assessed by flow cytometry as the mean fluorescence
intensity (MFI) of bound IGF-1R-specific fluorescent anti-
body, was reduced at 10, 1 and 0.1 mg (Fig. 1b). NOBEL-
Sense treatment had negligible effects. To determine
whether the reduced expression of IGF-1R impacts cell
survival, we measured GL261 cell viability with Sytox®, a
nucleic acid stain that penetrates cells with compromised
membranes, 24 h after treatment with NOBEL or NOBEL-
Sense. A slight, but statistically significant increase in cell
death over untreated cells was seen following treatment
with a range of doses of either NOBEL or NOBEL-Sense
(Fig. 1c). However, only 10 mg of NOBEL elicited a rela-
tively minor impact on cell viability that was increased
over the other treatment groups.

The addition of NOBEL enhances the inherent
immunogenicity of GL261 cells implanted in the flank

Initial studies revealed that approximately 28 days were
required for GL261 immunity to fully develop follow-
ing the administration of a single dose of NOBEL-treated
GL261 cells to the flanks of C57BL/6 mice (Supplemental
Fig. 2) but did not allow us to conclude whether NOBEL
was acting on the GL261 cells in vitro or in vivo. To
resolve this issue, we performed parallel experiments with
GL261 that had been either pretreated with NOBEL and
washed prior to the injection or merely mixed with NOBEL
immediately before being injected into the right flanks of
C57BL/6 mice. Neither overnight treatment with NOBEL
nor NOBEL-Sense treatment had any effect on tumor
incidence which was approximately 60 % in both groups
of mice by 30 days post-implantation (Fig. 2a). However,
when 4 mg of NOBEL was mixed with 10° GL261 cells
prior to the injection into the flanks of congenic mice,
only 8 % of mice grew tumors (Fig. 2b). Within 33 days of
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implantation, 55 % of mice that received untreated GL261
and 45 % of mice given GL261 mixed with NOBEL-Sense
had developed tumors. Having arisen in the CNS, GL261
may be naturally immunogenic in the periphery of con-
genic mice, and this may be enhanced by the presence of
NOBEL. As a first test of this hypothesis, mice that failed
to grow tumors by 35 days after their initial inoculation
were challenged in the opposite flank with 10° untreated
GL261 cells. This rarely resulted in tumor development
(Fig. 2a, b).

NOBEL is immunostimulatory but only effective
in preventing tumor development when co-administered
with GL261 cells

NOBEL and NOBEL-Sense both have identical structural
motifs known to stimulate antigen presenting cells (APC)
through Toll-like receptors and other ligands. To assess the
impact of these molecules on APC activation in vivo, mice
were given NOBEL or NOBEL-Sense in the flank, and
cells recovered from draining and contralateral, non-drain-
ing lymph nodes 48 h later for analysis by flow cytometry
(Fig. 3). B cells (B220"Gr1~; CD19™, data not shown) and
plasmacytoid dendritic cells (B220"Gr1™; CD197; data not
shown) from the lymph nodes draining the NOBEL-treated
flank showed elevated expression of the activation marker
PDCA1 and the costimulatory antigen CD86 (Fig. 3b)
which was not seen in similar cells from NOBEL-Sense-
treated animals (Fig. 3c). PDCA1 was also expressed at
moderately higher levels by a subset of B220™ cells (pre-
dominantly T cells, with minor proportions of NK and con-
ventional dendritic cells) (Fig. 3c). The inclusion of GL261
cells with NOBEL does not diminish this response (Sup-
plemental Fig. 3). NOBEL evidently acts through a local
effect as tumor development is unaffected when NOBEL
and GL261 are administered to C57BL/6 mice in opposite
flanks (Fig. 4).

The reduced tumorigenicity of GL261 cells mixed

with NOBEL in the flank is associated with the
development of immunity to subcutaneous and intracranial
challenge with untreated GL261

Consistent with the hypothesis that the failure of GL261 to
form tumors when implanted in the flank of a proportion of
C57BL/6 mice is a consequence of immune mechanisms,
tumor incidence following flank injection of untreated
GL261 is close to 100 % in congenic gene-knockout
mice lacking both T and B cells (Rag2_/ 7), CD8 T cells
(B2M ") or B cells JHD ") (Fig. 5a) and in the cere-
bral cortex of B2M~~, JHD '~ as well as C57BL/6 mice
(Fig. 5b). The inclusion of NOBEL in a mix with GL261
upon inoculation into the flank results in reduced tumor
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formation in C57BL/6, B2M ™~ and, to a lesser extent, in
JHD '~ mice but not in the more severely immunocompro-
mised Rag2™'~ mice (Fig. 5¢). To establish whether or not
the antitumor effects of NOBEL are mediated by the induc-
tion of adaptive immune mechanisms, mice without palpa-
ble tumors at 30 days were challenged in either the oppo-
site flank or intracranially with untreated GL261. A large
proportion of the B2M~~ mice (40 %) and the majority

4Fig. 1 Treatment of GL261 cells with NOBEL inhibits the expres-
sion of IGF-1R with minimal cytotoxicity. a IGF-1R mRNA levels
in GL261 cells determined by qRT-PCR following 24-h treatment
with the indicated mg quantities of NOBEL and NOBEL-Sense.
Results are shown as copy numbers of IGF-1R, normalized to L13a,
compared with untreated cells. b GL261 cells, incubated with and
without the indicated mg quantities of NOBEL or NOBEL-Sense
for 48 h, were stained with IGF-1R-specific antibody and analyzed
by flow cytometry. Results are expressed in mean fluorescence inten-
sity (MFI) with a representative histogram of IGF-1R expression
after NOBEL or NOBEL-Sense incubation at 1 mg for 48 h shown
in the inset. ¢ Cytotoxicity was determined by the Systox+ assay
following 24-h incubation with and without the indicated mg quan-
tities of NOBEL and/or NOBEL-Sense. Statistical significance was
assessed by the Kruskal-Wallis test followed by Dunn’s post hoc test
(**p < 0.005; ***p < 0.001)

of the few remaining JHD '~ mice developed tumors from
GL261 cells implanted in the opposite flank, unlike simi-
larly treated C57BL/6 mice where the incidence was less
than 10 % (Fig. 5d). However, only the C57BL/6 mice
were generally protected against the intracranial challenge
(Fig. 5e). It should be noted here that, consistent with the
clinical vaccination paradigm (11) where surgery provides
immune access across the BBB, the needle stick when
GL261 cells are implanted in the cortex evidently allows
immune cells to enter brain tissues (Supplemental Fig. 4).

C57BL/6 mice that reject GL261 produce GL261-reactive
antibodies

The reduced capacity of JHD™/~ mice to prevent tumor
development after flank injection of GL261 suggests a
possible humoral contribution to glioma immunity. As an
initial test of this possibility, we used flow cytometry to
determine whether sera from GL261-immune mice contain
antibodies reactive for the tumor cells. We found GL261-
reactive IgM antibodies in sera from both naive mice and
those that had received GL261 or the GL261/NOBEL mix
but tumor cell-reactive IgG antibodies only in sera from the
two latter groups (Fig. 6a). To characterize this response
further, we used cell-based ELISA with GL261 cells as
the capture substrate (Fig. 6b). GL261-reactive IgM anti-
bodies were found at equivalent levels in sera from naive
and GL261-inoculated C57BL/6 mice and at somewhat
elevated levels in sera from mice given the GL261/NOBEL
mix. GL261-reactive IgGl antibodies, undetectable in
sera from normal mice, were detected at increasing levels
in sera from C57BL/6 mice that had received untreated
GL261 and the GL261/NOBEL mix. An IgG2b response
was only observed in sera from mice that had received the
GL261/NOBEL mix. No GL261-reactive 1gG2a or 1gG3
antibodies were seen. Finally, we assessed serum from
B2M '~ mice given the GL261/NOBEL mix 30 days previ-
ously finding levels of IgM GL261-specific antibodies that
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Fig. 2 Mixing GL261 with NOBEL immediately prior to the injec-
tion is more effective than overnight treatment at inhibiting growth
of the cells in the flanks of C57BL/6 mice. At day 0, C57BL/6 mice
received 10® GL261 cells treated overnight with either NOBEL
(n = 42) or NOBEL-Sense (n = 20) or untreated (n = 40) (a) or
10% GL261 cells mixed immediately prior to the administration with
either NOBEL (n = 41) or NOBEL-Sense (n = 20) or untreated
(n = 42) (b) in the right flank. Tumor incidence was monitored for

were strongly elevated over those of naive mice but no evi-
dence of any GL261-specific IgG antibodies (Fig. 6¢).

Discussion

The first suggestion that targeting the IGF-1 pathway may
have immunostimulatory consequences for glioma cells
came from the studies of Resnicoff et al. [29] showing that
C6 cells transfected to express antisense for IGF-1R induce
a C6-specific immune response when injected into synge-
neic normal rats. Immune stimulation was thought to be a
consequence of immunogens released by apoptotic cells
[30, 31]. Simply treating tumor cells with IGF-1R/AS-
ODN for 24 h proved to effectively reduce IGF-1R expres-
sion and cause extensive tumor cell death when the treated
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35 days. At day 35, mice that failed to develop tumors as well as nine
naive controls (PBS) were then given untreated GL261 cells in the
opposite flank and monitored for an additional 45 days. The time to
palpable tumor detection is expressed as a Kaplan—-Meier plot of the
percentage of tumor-free mice. Tumor incidence in mice that received
cells treated with NOBEL significantly differed from that seen in
both mice injected with untreated and NOBEL-Sense treated cells as
determined by the log-rank test (¥***p < 0.001)

cells were implanted in biodiffusion chambers in vivo [29].
These studies culminated in a pilot human clinical trial
involving chamber-encapsulated, IGF-1R/AS-ODN-treated
autologous GBM cells as a vaccine [11]. While tumor cell
apoptosis may contribute to the efficacy of IGF-1R/AS-
ODN-treated autologous GBM cell vaccine, the immu-
nomodulatory motifs within the antisense oligodeoxynu-
cleotide may also be important. For NOBEL, these motifs
include a CpG motif and a palindromic sequence, which
both drive innate immune responses in a variety of immune
cells when recognized by toll-like receptor 9 (TLR9) [32—
34], and phosphorothioate linkages that induce B cell pro-
liferation and increase the production of cytokines such as
IFEN-vy [35]. These motifs likely contribute non-specifically
to glioma immunity as the intracerebral administration of a
non-specific CpG—ODN several days after GL261 glioma
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Fig. 3 NOBEL non-specifically activates cells in draining lymph
node. Cells were recovered from draining and non-draining lymph
node 48 h after inoculation of 4 mg NOBEL or NOBEL-Sense into
the flank of C57BL/6 mice and analyzed by flow cytometry. a Flow
contour plot showing the scatter characteristics and B220/Gr1 stain-
ing characteristics of lymph node cells. b Flow contour plots for

cell implantation into mouse brain resulted in T cell infil-
tration into the brain, local activation of NK cells and par-
tial protection against tumor growth [36, 37].

Not surprisingly due to their CNS origin, GL261 cells
possess inherent immunogenicity when administered in
the periphery, but invariably form tumors when injected
intracranially in congenic C57BL/6 mice [26, 27, 38]. In
this study, we have focused on understanding the impact
of NOBEL treatment on the tumorigenicity and immuno-
genicity of GL261 cells implanted in the flank due to the
relevance of the periphery to mechanisms contributing to
the induction of immunity. Twenty-four hour incubation of
GL261 with a concentration of NOBEL that reduces IGF-
IR expression but has minimal effect on cell viability in

PCDA-1 and CD86 expression by B2207Gr1™ and B220"Gr1~ cells
in draining (DLN) and non-draining lymph nodes of NOBEL-treated
mice. Numbers in A and B represent the cell percentages in each gate.
¢ Mean fluorescent index (MFI) of B220"Grl™, B220"Grl™ and
B2207Grl1™ cells from the draining and non-draining lymph nodes of
mice given NOBEL and NOBEL-Sense

culture has no effect on tumor formation if the antisense
is washed out prior to the implantation of the cells. How-
ever, adding the same dose of NOBEL to GL261 cells at
injection largely prevents tumor formation in normal mice.
While structurally similar to NOBEL-Sense, only NOBEL
non-specifically activates cells in the lymph nodes drain-
ing its site of administration. Plasmacytoid dendritic cells
and B cells appear to be particularly sensitive to NOBEL
as evidenced by their enhanced expression of PDCA-1.
Consistent with a local effect that impacts both immunity
and tumor cell growth, only the presence of NOBEL at the
site of inoculation alters the outcome of GL261 implanta-
tion. Tumor growth is unaltered by either mixing NOBEL-
Sense with GL261 cells or administering NOBEL to the
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Fig. 4 NOBEL must be co-administered with GL261 cells to prevent
tumor formation. Tumor incidence was monitored for 60 days after
injection in C57BL/6 mice of either untreated GL261 cells or a mix
of GL261 cells and NOBEL in the right flank, or NOBEL in left flank
and untreated GL261 in right flank. The time to palpable tumor detec-
tion, expressed as the percentage of tumor-free mice, is presented as
a Kaplan—Meier plot. The statistical significance of differences in
tumor growth between mice receiving untreated GL261 and the other
groups of mice was assessed using the log-rank test (*p < 0.05)

flank opposite of where the tumor cells were implanted.
Thus, we conclude that the specificity of NOBEL for IGF-
IR contributes to its capacity to render GL261 cells less
tumorigenic.

GL261 cells generally form tumors when implanted
into the flanks of severely immunocompromised congenic
Rag-2~~ mice yet fail to form tumors in a substantial
proportion of C57BL/6 mice. This is evidently due to the
induction of an immune response against the cells in the
latter animals as mice that do not grow tumors upon ini-
tial GL261 implantation are protected against tumor growth
when the cells are implanted in the opposite flank. The fact
that the presence of NOBEL does not alter the capacity of
GL261 cells to form tumors in Rag-2~/~ mice indicates that
the antisense is not simply cytotoxic. As tumor incidence is
greatly reduced in C57BL/6 but not in Rag-2~/~ mice, the
addition of NOBEL to GL261 cells upon implantation in
the flank evidently alters the balance between tumorigenic-
ity and immunogenicity.

The general consensus is that CD8 T cells are the prin-
cipal effectors of glioma immunity [38, 39]. However,
GL261 cells generally fail to form tumors when mixed with
NOBEL and inoculated into the flanks of B2M™'~ mice
missing both CD8 T and NKT cells. Nevertheless, when
these mice are challenged with untreated GL261 in the
opposite flank approximately 40 % develop a tumor and
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Fig. 5 Innate immune mechanisms in B2M '~ mice are sufficient p-
to prevent the growth of GL261 cells mixed with NOBEL but both
cellular and humoral mechanisms are required to prevent flank and
brain tumor formation by untreated GL261 cells. The develop-
ment of tumors following the implantation of untreated GL261 into
the flanks and cerebral cortices of normal and immunodeficient
mice is compared in a and b. a 10° Untreated GL261 cells were
implanted into the right flanks of C57BL/6 (n = 27), and congenic
B2M~~ (n = 10), JHD™~ (n = 9) and Rag2™~ (n = 15) mice. b
10° untreated GL261 cells were stereotactically implanted into the
right cortex of C57BL/6 (n = 10), congenic B2M™~ (n = 5) and
JHD™'~ (n = 7) mice. Tumor development in these mice following
flank administration of a mix of NOBEL and GL261 cells is shown
in ¢ and animals that failed to develop a tumor were then challenged
with untreated GL261 either in the opposite flank (d) or intracrani-
ally (e). ¢ B2M ™'~ (n = 20), JHD™'~ (n = 33) and C57BL/6 (n = 26)
mice received 10° GL261 mixed with NOBEL prior to the implan-
tation in the right flank. d C57BL/6 (n = 15), B2M™'~ (n = 20),
JHD™~ (n = 3) mice that had failed to grow a palpable tumor by
29 days after the implantation of 10® GL261 mixed with NOBEL
into the right flank were given 10° untreated GL261 cells in the left
flank. e C57BL/6 (n = 14), B2M ™~ (n = 8), JHD™'~ (n = 12) mice
that had failed to grow a tumor by 30 days after the implantation of
10% GL261 mixed with NOBEL into the right flank were given 10°
untreated GL261 cells in the right cerebral cortex. In a and ¢, mice
were monitored for either 29 or 41 days post-cell implantation, and in
d for 41 days post-challenge inoculation. In b and e, mice were moni-
tored at 1-4 day intervals until clinical signs of tumor development or
for 40 days. The time to palpable tumor in flank experiments or the
development of severe neurological signs/morbidity in brain implan-
tation experiments, both expressed as the percentage of tumor-free
mice, is presented as a Kaplan—Meier plot. The statistical significance
of differences between C57BL/6 mice and the different gene deficient
mice was assessed using the Mantel-Cox test and is expressed by
*p < 0.05; **p < 0.01; ***p < 0.001

most develop a tumor when the challenge is in the cerebral
cortex. These results suggest that the effects of NOBEL on
the growth of GL261 cells in the flanks of B2M~'~ mice do
not result in the development of effective GL261-specific
immunological memory and may therefore be due to innate
immune mechanisms. On the other hand, 40 % of JHD '~
mice develop a tumor in the flank after receiving a mix of
GL261 and NOBEL, and most of the remainder develop
tumors when untreated GL261 are implanted either in the
opposite flank or cerebral cortex. These results, together
with the failure of B2M ™~ mice to make GL261-reactive
IgG, suggest that B cells and/or antibody production may
be particularly important in the establishment of GL261-
specific immunological memory with the capacity to pre-
vent tumor cell growth in the brain.

The contribution of B cells to tumor immunity is poorly
understood and may differ for various tumor types. For
example, B cell infiltration into melanomas is often associ-
ated with poor prognosis [41, 42]. In gliomas, B cells may
play a protective role either by acting as antigen present-
ing cells that are essential in the expansion of the tumor-
specific T cells that mediate tumor regression in the brain
[8] or by producing tumor-specific antibodies. Consistent
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with this latter possibility, we detected GL261-reactive IgG
antibodies in the sera of mice that failed to grow a tumor
after receiving untreated GL261. Moreover, elevated anti-
body levels were detected in sera from mice immunized
with the GL261/NOBEL mix confirming that the pres-
ence of NOBEL enhances this aspect of GL261 immunity.
Glioma-specific antibodies have been detected in rats intra-
dermally implanted with glioma cells and in rats bearing

Days after intracranial challenge with GL261

an intracranial glioma that were treated with adenoviruses
expressing immunostimulatory and antitumor molecules
[43]. While antibody was only detected in long-term survi-
vors, CD8+4- cells were considered to be the principle anti-
tumor effectors in this study since depletion of these cells
led to loss of the protective effect [43]. Our results are in
agreement with the concept that both B cells and CD8 T
or NKT cells contribute to glioma-specific immunity when
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Fig. 6 GL261-reactive antibodies are elicited by the administration
of GL261 cells in the flank, and this response is enhanced by the
inclusion of NOBEL with the cells. a GL261 cells were incubated
with pooled sera from naive C57BL/6 mice or mice that had received
either untreated 10® GL261 cells or the GL261/NOBEL mix 30 days
prior to the sera collection and then stained with fluorescent antibod-
ies specific for IgM and IgG prior to the analysis by flow cytometry.
The results are expressed as histograms. b CELISA with isotype-spe-
cific secondary antibodies were used to characterize the GL261-reac-
tive antibodies present in individual serum samples from untreated
mice and animals that had received untreated GL261 cells or a mix
of the cells and NOBEL 30 days previously. The mean and standard
deviation of the optical density at 405 nm for a 1/10 dilution of sera
from groups of 10 mice each are shown. ¢ Sera from 10 B2M ™/~
mice prior to and 30 days following implantation with the GL261/
NOBEL mix was assessed, and the results presented as described
for b. The significance of differences between the results for naive
and test sera was assessed using the Kruskal-Wallis test followed by
Dunn’s post hoc test (*p < 0.05; ***p < 0.001)
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elicited by a mix of GL261 and NOBEL. However, we
found that the GL261-reactive antibody response in CD8 T
and NKT cell deficient B2M '~ mice receiving the GL261/
NOBEL mix is limited to IgM, and it is therefore impossi-
ble to determine whether the deficit in the establishment of
glioma immune memory seen in these animals is due to the
lack of cellular immunity or IgG. Based on these results,
we conclude that a variety of mechanisms, likely including
processes mediated by GL261-reactive IgG, contribute to
the natural development of immunity that prevents GL261
cells from forming tumors in the flanks of a substantial pro-
portion of congenic mice, and that these mechanisms are
enhanced by NOBEL. Consequently, through immunostim-
ulation together with effects mediated by targeting IGF-
IR, NOBEL causes GL261 cells implanted in the flank to
immunize rather than form tumors in immunocompetent
mice. The resulting immune response is capable of pre-
venting tumor formation when untreated GL261 cells are
implanted either subcutaneously or intracranially.
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