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Abstract

Glioblastoma (GBM) is among the most invasive and lethal of cancers, frequently infiltrating
surrounding healthy tissue and giving rise to rapid recurrence. It is therefore critical to estab-
lish experimental model systems and develop therapeutic approaches that enhance anti-
tumor immunity. In the current study, we have employed a newly developed murine glioma
model to assess the efficacy of a novel picornavirus vaccination approach for the treatment
of established tumors. The GL261-Quad system is a variation of the GL261 syngeneic glio-
ma that has been engineered to expresses model T cell epitopes including OVAss7_264-

MRI revealed that both GL261 and GL261-Quad tumors display characteristic features of
human gliomas such as heterogeneous gadolinium leakage and larger T2 weighted vol-
umes. Analysis of brain-infiltrating immune cells demonstrated that GL261-Quad gliomas
generate detectable CD8+ T cell responses toward the tumor-specific K*:OVA,s7_064 anti-
gen. Enhancing this response via a single intracranial or peripheral vaccination with picor-
navirus expressing the OVA,s7_5¢4 antigen increased anti-tumor CD8+ T cells infiltrating
the brain, attenuated progression of established tumors, and extended survival of treated
mice. Importantly, the efficacy of the picornavirus vaccination is dependent on functional cy-
totoxic activity of CD8+ T cells, as the beneficial response was completely abrogated in
mice lacking perforin expression. Therefore, we have developed a novel system for evaluat-
ing mechanisms of anti-tumor immunity in vivo, incorporating the GL261-Quad model, 3D
volumetric MRI, and picornavirus vaccination to enhance tumor-specific cytotoxic CD8+ T
cell responses and track their effectiveness at eradicating established gliomas in vivo.
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Introduction

Glioblastoma (GBM) is among the most lethal of cancers, with a median survival of less than
15 months post-diagnosis despite aggressive, multi-modal treatment[1]. Recurrent tumor infil-
tration of previously healthy brain tissue occurs in greater than 95 percent of patients within
five years of initial treatment, underlining the need for effective immunotherapeutic ap-
proaches[1, 2]. Central to the aim of establishing protective immunity is the development of
novel strategies that both enhance CD8+ T cell recognition of tumor-associated antigens and
promote infiltration of these cells into the central nervous system (CNS)[3-5].

The relevance of tumor-specific CD8+ T cell enhancement in human gliomas has been
demonstrated in a number of clinical trials. Biopsy samples isolated from GBM patients have
confirmed the presence of CD8+ T cells forming immunological synapses with tumor cells[6].
Furthermore, vaccination with autologous tumor lysate-pulsed dendritic cells (DC) and toll-
like receptor (TLR) agonists in a phase I clinical trial resulted in the enhancement of tumor-in-
filtrating CD8+ T cells and increased survival among a subset of patients[3]. Similarly, a phase
IT clinical trial using autologous tumor lysate-pulsed DCs demonstrated a logarithmic correla-
tion between clinical outcome and the magnitude of T cell responses, as measured by IFN-y
production[7]. The results of these studies demonstrate the potential of immunotherapeutic
approaches aimed at promoting CD8+ T cell responses in improving outcomes for
glioma patients.

Consistent with clinical trials, studies in murine tumor models have also demonstrated a
correlation between tumor antigen-specific CD8+ T cell activation, reductions in tumor bur-
den, and prolongation of overall survival[5, 8-11]. Notably, combined treatment of GL261 gli-
omas with a TGF-B neutralizing antibody to reduce immunosuppression and vaccination with
glioma-associated antigens resulted in increased tumor-specific, IFN-y producing CD8+ T
cells and improved survival[11]. While the above findings demonstrate that immunotherapeu-
tic targeting of CNS tumors is safe and has the potential for generating detectable anti-tumor
immune responses, they also underline the necessity for more effective immunotherapeutics
and disease models in which to investigate them. Paramount in this effort is the ability to gen-
erate CD8+ T cell responses that can overcome the immunosuppressive environment associat-
ed with gliomas.

Introducing GL261 syngeneic gliomas into C57BL/6 mice is a leading pre-clinical model
system for evaluating novel immunotherapeutic approaches[12-15]. Detailed characterization
of this model has demonstrated a number of histopathologic features relevant to human GBM,
including perivascular proliferation, psuedopalisading necrosis, and glioma cell invasion be-
yond the bulk tumor [12, 16, 17]. Additionally, this model provides the distinct advantage of
an immune-competent host, with inflammation evident in the brains of GL261-bearing mice.
However, observed CD8+ T cell responses are ineffective at eradicating the glioma cells and
mice ultimately succumb to the tumor. Glioma cell lines incorporating model epitopes have
been developed which enable the tracking of robust tumor antigen-specific CD8+ T cells and
optimization of immunotherapies designed to enhance these responses[8, 18]. A recent study
using the engineered GL26 glioma cell line expressing ovalbumin demonstrated successful con-
focal microscopic imaging of tumor antigen-specific CD8+ T cells localized within the tumor
area following immunotherapeutic treatment, which corresponded to reductions in tumor bur-
den and mortality[8]. Thus, while their contributions to anti-tumor immunity are readily dem-
onstrated, defining the mechanisms by which CD8+ T cells are beneficial in tumor eradication
remains a critical avenue of research.

Picornavirus vector delivery of tumor-specific antigens represents a promising approach for
generating immune responses that can overcome the immunosuppressive environment
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associated with gliomas. Intracranial infection of C57BL/6 mice with Theiler’s murine enceph-
alomyelitis virus (TMEV) results in a robust virus epitope-restricted CD8+ T cell response that
clears the virus after approximately 28 days[19, 20]. Furthermore, the small TMEV genome
can be easily engineered to encode tumor antigens, and the resulting recombinant viruses are
effective at eliciting tumor antigen-restricted CD8+ T cell responses. Capitalizing on this ca-
pacity, this novel vaccination strategy was recently employed in both B16-OV A melanoma and
Her2/neu+ breast cancer models[21, 22]. Vaccination of a B16- Ova melanoma with recombi-
nant, OVA-expressing TMEV resulted in a robust antigen-restricted CD8+ T cell response cor-
responding to a delay in tumor growth and improved survival[21]. Subsequent work targeting
the weakly immunogenic endogenous breast tumor antigen Her2/neu also proved effective at
generating antigen-restricted CD8+ T cell responses and delaying tumor progression[22]. For
the above reasons, the high levels of CD8+ T cells infiltrating the brain, and the lack of long-
term disability following viral infection, TMEV and related picornaviruses are strong candi-
dates for eliciting immunity against CNS tumors[19, 23].

The present study utilizes the GL261 and engineered GL261-Quad gliomas to employ novel
3D volumetric MRI in conjunction with analysis of endogenous and picornavirus vaccination-
induced CNS-infiltrating immune cells. As such, this work serves as a template for analysis of
tumor volume in vivo during the course of immunotherapeutic treatment and establishes the
utility of picornavirus-based vaccination for the treatment of established gliomas.

Materials and Methods
GL261 Cell Culture and Tumor Implantation

The GL261-Quad cell line was generated and maintained as described by Ohlfest et al.[18].
This stable cell line expresses the model antigens human gp100,5_33, chicken OVA,5; 544,
chicken OVAj3,;_ 339, and the mouse alloantigen I-Eas; ¢, with translation of these epitopes de-
tected by DsRed fluorescence [18, 24]. Tumors were implanted into six to twelve week old fe-
male C57BL/6 mice (The Jackson Laboratory #000664) or perforin deficient mice (The Jackson
Laboratory #002407). Anesthetized mice were stereotactically injected in the right striatum
with 6.0 x 10* to 1.0 x 10° GL261 or GL261-Quad syngeneic glioma cells in a total volume of
1uL of physiologic saline at a rate of 0.2uL/min. Injection coordinates were 2.5mm lateral,
0.5mm anterior of bregma, at a depth of 3mm from the cortical surface. Negative controls in-
clude sham surgery with injection of PBS and un-manipulated animals. All experimental pro-
cedures involving animals were carried out in strict accordance to guidelines and protocols
approved by the Mayo Clinic Institutional Animal Care and Use Committee and all efforts
were made to minimize suffering throughout the duration of each experiment.

MRI Acquisition and Analysis

MRI was performed using a Bruker DRX-300 (300 MHz 1H) 7 Tesla vertical-bore small animal
imaging system (Bruker Biospin, Billerica, MA) similarly to published protocols[25, 26].
Throughout imaging, mice were anesthetized by inhalation of 3-4% isofluorane in air and
their respiratory rate monitored. For T1 weighted imaging, mice were administered gadolini-
um intraperitoneally (i.p.) at a dose of 100mg/kg and imaged after a 15 minute delay. T2
weighted MRI: RARE pulse sequence, repetition time (TR) = 1500ms, echo time (TE) = 70ms,
RARE factor: 16, field of view (FOV): 3.2x1.92x1.92cm, matrix: 256x128x128. T1 weighted
MRI: MSME, TR: 300ms, TE: 9.5ms, FOV: 4.0x2.0x2.0cm, matrix: 192x96x96. 3D tumor vol-
umes were determined using Analyze 11.0 software (Biomedical Imaging Resource, Mayo Clin-
ic, Rochester, MN) by a blinded observer. Tumor area was delineated on each axial slice and
3D tumor volume was generated from the acquired measurements.
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Bioluminescence Imaging and Analysis

In vivo bioluminescence imaging (BLI) was performed using an IVIS200 system (Xenogen
Corp., Alameda, CA) coupled to a PC running Living Image 2.6 software. Mice were adminis-
tered D-luciferin (Gold Biotehnology, St. Louis, MO) at a dose of 150mg/kg in a volume of
200uL (i.p.). Throughout imaging, anesthesia was maintained using a nose cone delivery sys-
tem administering 1-2% isofluorane. Images were acquired with an exposure time of 10 sec-
onds with F-stop = 1. Greyscale photographic surface images were collected and overlayed
with pseudo-color images representing distribution of emitted photons. Signal intensity was
quantified as photons/second in a designated region of interest prescribed over the

mouse head.

Hematoxylin and Eosin Staining

Fresh frozen brains were embedded in OCT compound (Tissue-Tek). Sections 6um thick were
fixed in 10% neutral buffered formalin for 10 minutes. Next, sections were stained with filtered
Gill 3X hematoxylin (Thermo, Rockford, IL) for 1 minute, differentiated with acid alcohol, and
blued with ammonia water for 15 seconds. Between each step, sections were thoroughly washed
with water. Slides were counterstained with Eosin-Phloxine (Sigma, St. Louis, MO) for 30 sec-
onds and dehydrated with 95% alcohol followed by absolute alcohol. Slides were cleared by
rinsing in xylene 2 x 5 minutes and covered with Permount mounting media (Thermo).

Flow Cytometry

Flow cytometry samples were run on a BD LSR II flow cytometer and analyzed with FACSDiva
Software (BD Biosciences, San Jose, CA). For analysis of CNS infiltrating immune cells, whole
brains were homogenized, collagenase digested, and centrifuged against a Percoll gradient to
isolate immune cells as described in detail[19, 25]. The composition of isolated immune cells
was determined by staining with antibodies recognizing CD45 (BD 557235), CD8 (BD
552877), CD4 (BD 553730) CD11b (BD 557396) and GR-1 (BD 557661). Tumor antigen-spe-
cific CD8+ T cells were determined by staining with K*:OVA,s7 64 MHC-peptide tetramers
constructed within our laboratory.

Construction of MHC-peptide tetramers

MHC-peptide tetramers were constructed following published protocols[19, 27]. Briefly, H-
2K class I molecule was folded with the SIINFEKL peptide in the presence of $2m. Monomers
were biotinylated using a BirA biotin ligase kit (Avidity, Aurora, CO) and purified over a
Mono-Q cation-exchange column. Tetramers were produced by mixing monomers with allo-
phycocyanin-conjugated streptavidin (Sigma) to a molar ratio of 4.0:0.9 and purified by size-
exclusion on an S$-200 column.

Treatment of GL261-tumor bearing mice

Recombinant TMEV Xhol-OVAS virus was generated as described by Pavelko ef al.[22]. Two
weeks post-tumor implantation, tumor load was assessed by BLI and mice with established tu-
mors were divided into treatment groups based on overall equivalent tumor load. Mice were in-
oculated intracranially (i.c.) in the non-tumor bearing hemisphere with 2 x 10* PFU of control
TMEV-wt or recombinant TMEV Xhol-OVAS8 picornavirus. Alternatively, mice were inocu-
lated i.p. with 2 x 10° PFU of picornavirus. Mice without detectable tumor two weeks post-im-
plantation were excluded from study.
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Survival

Mice were monitored and euthanized at the time when they began to display symptoms of
morbidity, including hunched posture, reduced mobility, and weight loss, in accordance with
Mayo Clinic IACUC standards.

RT-PCR

Total RNA was extracted from homogenized whole brains bearing GL261-Quad gliomas using
TRIzol Reagent and reverse transcribed using the Superscript cDNA synthesis kit (Invitrogen,
Carlsbad, CA). cDNA was amplified using the Fast SyBR Green Master Mix Kit (Applied Bio-
systems) using primers generated for mouse actin (5-CTGGCACCACACCTTCTACAATG
AGCTG-3 and 5-GCACAGCTTCTCTTTGATGTCACGCACGATTTC-3’) and the Quad
cassette (5-CAGGATTGGCTGGGCGTCAGTCGACA-3’ and 5- TGGGCCTCGAAGGAGG
CGAACTTG-3’). Mean crossing point for each transcript was determined and normalized to
actin (deltaCt). DeltaCt values were then used to calculate fold-change relative to actin using
the 2/ -[delta] [delta] Ct method [28]. Data are reported as expression relative to

untreated controls.

Statistical Analysis

Bioluminescence intensity (p/sec), tumor volume (mm®), and percent of immune cell subsets
are presented as mean + SEM. All experiments were performed in duplicate or triplicate, with
representative data presented. For comparisons of two groups, significant differences were de-
termined using Student’s t-test or using Mann-Whitney Rank Sum Test if the data was found
to not follow a normal distribution. For comparisons between multiple groups, a One-Way
Analysis of Variance (ANOVA) was followed by a Student-Newman-Keuls (SNK) post-hoc
analysis. Differences in survival were determined using the log-rank (Mantel-Cox) test. All cal-
culations were performed using SigmaStat software (SYSTAT Software Inc). Significance is de-
noted as *p<0.05, **p<0.01, ***p<0.001.

Results

Validation of the GL261-Quad model system via in vivo imaging and
histopathology

The vast majority of human GBM presents with a greater volume when assessed with T2
weighted MRI than with T1 gadolinium-enhanced MRI[29, 30]. To determine the relative pre-
sentation of GL261 and GL261-Quad gliomas, both T2 and T1 gadolinium-enhanced MRI
were performed in the same set of mice harboring 4-week established gliomas, a timepoint de-
termined to be just prior to the onset of symptoms for GL261 tumors. Analysis of tumor size
was achieved using Analyze 11.0 software (Fig 1A), which allows for volumetric measurements
of 3D renderings of the gliomas (Fig 1B). Tumor volumes obtained from T2 weighted MRI
were consistently larger than those from T1 gadolinium-enhanced MRI in both the GL261

(N =3 mice) and GL261-Quad (N = 4 mice) tumor sets (Fig 1C). At this timepoint, mice bear-
ing GL261 gliomas presented with larger tumors than animals bearing GL261-Quad gliomas,
indicative of a potential endogenous inflammatory response directed toward the incorporated
tumor antigens (Fig 1C). Nevertheless, despite the expression of model T cell epitopes, the ma-
jority of mice implanted with the GL261-Quad cells failed to clear them and ultimately suc-
cumbed to the tumor. Importantly, GL261-Quad tumor sizes as determined by BLI showed a
strong correlation with both T1 gadolinium-enhanced (R* = 0.9296) and T2 weighted (R* =
0.9045) MR, validating the MR imaging parameters and confirming maintained luciferase
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Fig 1. Volumetric analysis of GL261 gliomas through quantification of T2 and T1 gadolinium enhanced MRI in vivo. (A,B) Volumetric analysis and 3D
rendering of a representative live mouse bearing a GL261 glioma as visible by T2 weighted MRI using Analyze 11.0 software. (C) Quantification of mean
tumor volumes demonstrates larger values from T2 weighted MRI than T1 gadolinium-enhanced MRI for both GL261 (N = 3 mice) and GL261-Quad (N =4
mice) gliomas 4 weeks post tumor injection compared to PBS sham controls (N = 2 mice). (D) T2 weighted and T1 gadolinium-enhanced MRIs with
corresponding bioluminescence images of representative small and large GL261-Quad gliomas. (E) Tumor volumes obtained from MRI plotted against
bioluminescence intensity demonstrate a strong correlation for both T2 weighted (R?=0.9045) and T1 gadolinium-enhanced (R®=0.9296) imaging (N=15
mice/group). (F,G) Representative H&E stained sections at 4X and 10X magnification of cortical brain tissue from mice bearing GL261 or GL261-Quad
gliomas demonstrate similarities in histopathologic features of the two models.

doi:10.1371/journal.pone.0125565.g001

expression in the engineered GL261-Quad model system (Fig 1D and 1E, N = 15 mice/group).
Furthermore, H&E staining of cortical brain sections of representative glioma-bearing mice
validated similarities in the histopathology of GL261 and GL261-Quad gliomas in vivo (Fig 1F
and 1G)
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Fig 2. GL261-Quad gliomas elicit an endogenous KP:OVA,57_064 restricted CD8+ T cell response.
Immune cells from whole brain tissue of glioma-bearing mice were isolated and gated based on CD45
expression. CD45 cells were further analyzed for CD8, CD4, CD11b, GR-1 and KP:OVAss7_264 tetramer
positivity. (A) The inflammatory profile of a representative GL261-bearing mouse. (B) Relative percentages of
immune cell subsets in GL261 glioma-bearing mice confirm defined populations of CD8+, CD4+, and CD11b+,
GR-1+cells (N = 3 mice). (C) The inflammatory profile of a representative GL261-Quad glioma-bearing mouse.
(D) KP:OVA,s57_064 tetramer staining shows the presence of endogenous tumor antigen-restricted CD8+ T cell
responses in the absence of treatment in mice bearing GL261-Quad gliomas (N = 5 mice).

doi:10.1371/journal.pone.0125565.g002

GL261-Quad gliomas elicit MHC class | restricted CD8+ T cell
responses against tumor-specific antigen

To determine the extent to which the immune response against GL261-Quad gliomas resem-
bles that seen in mice bearing GL261 gliomas, CNS infiltrating immune cells were isolated and
analyzed for their inflammatory profile. Following inoculation with GL261 (Fig 2A and 2B,

N = 3 mice) or GL261-Quad cells (Fig 2C and 2D, N = 5 mice), mice were monitored for four
or five weeks, respectively, at which point they displayed symptoms of tumor burden. Among
the leukocyte population isolated from whole brain tissue, CD45"" cells were further analyzed
for the expression of CD8 (killer T cells), CD4 (helper T cells, T regulatory cells), CD11b (ouy-
integrin, granulocyte/macrophage marker), and GR-1 (myeloid differentiation antigen). The
CD11b" subset was consistently the dominant cell type as a percentage of CD45 expressing
cells in all mice observed. A distinct subset of these cells stained positively for both the CD11b
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and GR-1 markers, indicative of a potential myeloid-derived suppressor cell (MDSC) pheno-
type[31]. All mice displayed defined populations of CD8+ and CD4+ T cells, but at a lower fre-
quency than CD1 1b™ cells. Importantly, populations of CD8+, CD4+, CD1 1b™ and CD11b,
GR-1+ cell subsets as a percentage of CD45™" cells infiltrating the CNS presented similarly be-
tween the GL261 and GL261-Quad samples, demonstrating that the presence of model anti-
gens alone does not significantly alter the endogenous inflammatory response (Fig 2). PBS
sham surgery controls presented with minimal inflammatory cell infiltration, with only

293 + 71 CD45™ cells per 100,000 events collected compared to 13,765 + 10,576 CD45™ cells
per 100,000 events collected from tumor-bearing mice. Additionally, PBS sham surgery mice
displayed minimal percentages of both CD8+ and CD4+ T cells (data not shown).

To evaluate the tumor-specific CD8+ T cell response, CNS-infiltrating immune cells were
additionally stained with Kb:OVA257_264 tetramers. All mice bearing GL261-Quad gliomas dis-
played measurable K*:OV A,s;_,4 epitope restricted CD8+ T cells within the brain (Fig 2C and
2D), as compared to both PBS sham surgery and parental GL261 glioma controls. Thus, tumor
antigen-specific CD8+ T cell responses are elicited spontaneously, without vaccination, against
implanted GL261-Quad gliomas. However, this response is insufficient to prevent progression
of the tumor.

Vaccination with an engineered picornavirus significantly increases
levels of tumor antigen-specific CD8+ T cells infiltrating the CNS

While an endogenous KP:OVA 57 264 specific CD8+ T cell response was detected toward the
GL261-Quad gliomas, this response lacked sufficient effectiveness in clearing established tu-
mors (Fig 2). To determine the extent that picornavirus vaccination could enhance tumor anti-
gen-restricted CD8+ T cell responses in the brain, mice were implanted with GL261-Quad
tumors and allowed to progress two weeks. Tumor sizes were then determined by biolumines-
cence imaging (BLI) and mice were divided into two groups containing overall equivalent
tumor loads. In one group, mice harboring equivalent tumor loads were then vaccinated by a
single intracranial (i.c.) injection into the non-tumor-bearing hemisphere of the brain with
TMEYV expressing OVA,s; 564, TMEV Xho1-OVAS8 (N = 9 mice), or TMEV-wt (N = 6 mice)
(Fig 3A and 3B). The non-tumor-bearing hemisphere was selected due to the highly immuno-
suppressive environment associated with the gliomas, which could potentially overwhelm any
beneficial CD8+ T cell response generated[32]. In a parallel experiment, mice were vaccinated
by a single intraperitoneal (i.p.) injection of TMEV Xho1-OVA8 (N = 10 mice) or TMEV-wt
(N =9 mice) (Fig 3A and 3B). Five weeks post-tumor implantation (3 weeks post vaccination),
mice were euthanized, brain infiltrating lymphocytes isolated, and CD8+ T cells evaluated for
Kb:OVA257_264 tetramer positivity. As compared to TMEV-wt administration, a single intra-
cranial vaccination with TMEV Xho1l-OVAS resulted in significantly increased KP:OVA 57 264
antigen-specific CD8+ T cell infiltration, with approximately 15% of the CD8+ T cell response
specific for the OV A,s;_564 antigen (Fig 3B, p = 0.003). Similarly, a single i.p. vaccination with
TMEV Xhol-OVAS8 resulted in nearly 10% of CNS-infiltrating CD8+ T cells displaying K:
OVA,s; »64 antigen-specificity (Fig 3B, p = 0.003). In contrast, mice vaccinated with TMEV-wt
by intracranial or peripheral injection presented with levels of K®:OVA,s;_5¢, tetramer positivi-
ty comparable to endogenous responses seen in untreated animals bearing GL261-Quad tu-
mors. No differences were detected in the frequency of CD4+ T cells, NK cells, B cells, or
macrophages/monocytes infiltrating the brain between the two treatment groups (data not
shown).
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Fig 3. Vaccination with TMEV Xho1-OVA8 enhances tumor antigen-restricted CD8+ T cell responses in the CNS, delays tumor progression, and
extends survival in mice bearing GL261-Quad gliomas. Two weeks post-GL261-Quad tumor introduction, mice were treated with control or recombinant
picornavirus. (A,B) At five weeks, brain infiltrating lymphocytes were isolated, gated based on CD45 expression, and analyzed for CD8 and K°:OVA,s7_264
tetramer positivity. (A) Representative FACS plots and (B) mean percent of K°>:OVA,s7_264+ cells per CD8+ cells demonstrate a significant increase in tumor
antigen-restricted CD8+ T cells infiltrating the brain following intracranial (N = 9) or intraperitoneal (N = 10 mice) TMEV Xho1-OVAS8 vaccine administration
compared to TMEV-wt. Percent of K°:OVAys7_z64+ / CD8+ calculated as Q2-2/(Q2-2+Q4-2)*100. (C,E) Mean bioluminescence intensity (p/sec) of
GL261-Quad glioma-bearing mice treated with TMEV-wt or recombinant TMEV Xho1-OVA8 picornavirus. Mice receiving (C) intracranial (N = 15 mice) or (E)
intraperitoneal (N = 13 mice) TMEV Xho1-OVAS8 treatment displayed significantly delayed progression of established gliomas compared to TMIEV-wt treated
controls. (D,F) Delayed tumor progression is accompanied by a significant increase in survival for mice treated with TMEV Xho1-OVA8 via (D) intracranial or
(F) intraperitoneal administration. Arrow denotes time of vaccine administration. (G) RT-PCR analysis of RNA isolated from brains of glioma-bearing mice
demonstrates a significant reduction in transgene expression following treatment with TMEV Xho1-OVA8 compared to TMEV-wt treated controls. Error bars
indicate SEM. * denotes p<0.05, ** denotes p<0.01, ***denotes p<0.001.

doi:10.1371/journal.pone.0125565.9003

Enhanced CD8+ T cell responses toward GL261-Quad gliomas are
accompanied by delayed tumor outgrowth and prolonged survival

To determine if a reduction in tumor burden and prolonged survival accompanied enhance-
ment of anti-tumor CD8+ T cell responses, tumor size and animal morbidity were monitored
in both TMEV Xho1-OVAS8 and TMEV-wt treated mice. GL261-Quad gliomas were again al-
lowed to progress two-weeks before being ranked and assigned to groups of equivalent tumor
burden. Intracranial vaccination with TMEV Xho1-OVAS8 (N = 15 mice) resulted in markedly
delayed tumor progression, reaching statistical significance within 14 days of vaccine adminis-
tration (Fig 3C, p = 0.03). TMEV-wt (N = 14 mice) was ineffective at controlling tumor growth,
with mice becoming symptomatic and requiring euthanasia before the fifth week, precluding
further imaging. The observed reduction in tumor burden was accompanied by significantly
prolonged survival (Fig 3D, p = 0.041). Intraperitoneal vaccination similarly slowed tumor pro-
gression in TMEV Xho1-OVA8 treated mice compared to controls (Fig 3E, N = 13 mice/
group, p<0.001). Median survival of mice receiving TMEV Xho1-OVA8 i.p. was 54 days, com-
pared to 43 days observed for TMEV-wt treated controls (Fig 3F, p<0.001). Semi-quantitative
RT-PCR analysis of whole brain tissue at the time of euthanasia demonstrated a greater than
50% reduction in transgene expression following treatment with TMEV Xho1-OVA8 com-
pared to controls (Fig 3G, p = 0.024). This loss of expression demonstrates effective vaccine-in-
duced immunity targeting the OVA,s; ,64-expressing glioma cells and indicates that
subsequent immune editing following targeting of a single antigen contributes to the eventual
outgrowth of the treated tumors.

Functional cytotoxic activity of CD8+ T cells is required for picornavirus
vaccination efficacy against GL261-Quad gliomas

The delayed tumor progression and enhanced survival of GL261-Quad glioma-bearing mice
following picornavirus vaccination were accompanied by increased tumor antigen-specific
CD8+ T cell infiltration into the CNS, pointing to a critical role for this immune cell type in
controlling tumor burden. To directly evaluate the necessity of functional cytotoxic CD8+ T
cells in delaying tumor outgrowth, experiments were repeated in mice deficient in the effector
molecule perforin. Importantly, tumor progression in the absence of treatment was not found
to be different in perforin deficient mice (Prf’") compared to wild type C57BL/6 controls (Fig
4A). However, the loss of perforin completely abrogated the positive effects of picornavirus
vaccination, with TMEV Xho1-OVAS treated Prf’ mice (N = 7 mice) displaying tumor pro-
gression and survival comparable to control mice receiving TMEV-wt (N = 10 mice) (Fig 4B
and 4C). Differences in median survival of perforin deficient and TMEV-wt treated mice com-
pared to C57BL/6 mice receiving TMEV Xhol-OVAS8 (N = 10 mice) were 9.5days (p = 0.03)
and 13days (p = 0.008), respectively (Fig 4C).
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Fig 4. Loss of CD8+ T cell cytotoxicity abrogates the effects of picornavirus vaccination against GL261-Quad gliomas. (A) Mean bioluminescence
intensity (p/sec) of wild type C57BL/6 or perforin deficient (Prf”-) GL261 glioma-bearing mice demonstrates no difference in the rate of tumor progression in
the absence of treatment (N = 18 mice/group). (B) Mean BLI (p/sec) and (C) survival curve of C57BL/6 (N = 10 mice/group) or Prf’~ (N = 7 mice) GL261-Quad

glioma-bearing mice following picornavirus vaccination demonstrates a complete loss of vaccine efficacy in the absence of functional cytotoxic CD8+ T cell
activity. Error bars indicate SEM. * denotes p<0.05, ** denotes p<0.01, ***denotes p<0.001. Arrow denotes time of vaccine administration.

doi:10.1371/journal.pone.0125565.g004

Discussion

The current work is the first to demonstrate that vaccination with an engineered picornavirus
expressing tumor-specific antigen is effective at delaying GL261 glioma progression and ex-
tending survival, and that these effects are dependent upon increased CNS-infiltrating cytotox-
ic CD8+ T cells recognizing the tumor antigen. Additionally, it incorporates parallel 3D
volumetric analysis of both T2 weighted and T1 gadolinium enhanced MRI for relative com-
parison within rodent CNS tumors in vivo. The results obtained provide a foundation for fu-
ture studies aimed at understanding the mechanisms by which immune responses are
generated following immunotherapeutic treatment and lay the groundwork for monitoring the
effectiveness of such approaches in the GL261 model system.

MRI in the clinical setting provides the highest level of confidence of any imaging modality
in the diagnosis of GBM, as well as quantitative assessment of prognostic variables such as
edema, gadolinium enhancement, and tumor necrosis[33-35]. Similar to human glioblastoma,
analysis of both GL261 and GL261-Quad gliomas demonstrated that volumes obtained by T2
weighted MRI were significantly greater than those from T1 gadolinium-enhanced MRI[29].
Additionally, the vascular permeability within these gliomas was largely heterogeneous, as evi-
denced by variable leakage of gadolinium throughout the tumor area. These findings highlight
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the relative inaccessibility of various regions of the tumor, which remains among the most sig-
nificant obstacles to effective delivery of a number of therapies[36]. Understanding the extent
to which contrast enhancement is the result of inflammation entering the CNS, as well as how
the lack of permeability in some regions of the tumor impedes the effectiveness of beneficial
immune responses, remains to be determined. The incorporation of MRI in the assessment of
rodent models of glioma provides a clinically relevant modality for evaluating these character-
istics in addition to directly evaluating changes in tumor size following treatment within a
single subject.

The observation of increased CNS-infiltrating CD8+ and CD4+ T cells, macrophages, and
myeloid derived suppressor cells in mice bearing GL261 and GL261-Quad gliomas sets the
stage for studies aimed at defining the relationships between these cell types. In both GL261
models, the CD11b"™ cellular component represented the largest fraction of CD45™ cells, simi-
lar to what has been reported in human GBM[37]. The preponderance of data pertaining to
the infiltration of monocytes and macrophages in human GBM, particularly MDSCs, detail
the immunosuppressive role for this cell type[38-40]. Additionally, in the GL261 model, the
CD4+ T cell compartment has been shown to contribute to anti-tumor immunity through pro-
motion of Thl and Th17 differentiation, but also serve a suppressive role through the activity
of regulatory T cells[14, 41, 42]. Several studies have suggested that the effects of regulatory
T cells provide the mechanism by which activated CD8+ T cells are inhibited from effectively
clearing the glioma[11, 14, 43, 44]. The interactions of these immune cell subsets will be further
analyzed in the GL261 model system, with the GL261-Quad model being of great value due to
its expression of both MHC class I and II restricted model epitopes.

Endogenous tumor antigens have been identified in the GL261 glioma model, including
EphA2 and Garc-1. However, CD8+ T cell responses toward these antigens account for only
1% of the overall tumor-infiltrating CD8+ T cell response[11, 45, 46]. It remains to be seen
whether effective enhancement of this population can be achieved following vaccination.
While the development of immunotherapeutic approaches targeting endogenous tumor anti-
gens remains the primary goal in glioma models, the low frequencies of CD8+ T cells respond-
ing to these antigens presents a significant challenge to the study of T cell immunity.
Understanding the mechanisms behind effective anti-tumor immune responses, including an-
tigen processing and presentation, migration, and cytotoxic capacity, will require robust num-
bers of tumor-specific CD8+ T cells, for which the GL261-Quad model will again provide a
powerful tool.

The findings of this study, in combination with those elucidated by Pavelko et al., demon-
strate that picornavirus vectors are effective in promoting strong tumor-specific CD8+ T cell
responses in both the periphery and the CNS[21, 22]. Most notably, the observed effects in
GL261-Quad gliomas were achieved following (1) only a single administration of virus and (2)
in established tumors that have been allowed to progress for two weeks. This time point is con-
siderably later than the vast majority of immunotherapy studies, with many beginning treat-
ment as early as 3-5 days after intracerebral GL261 injection[11, 18, 47]. The rigorous
assessment of tumors by both BLI and MRI prior to treatment in the current work provides de-
finitive confirmation of tumor establishment and adds strength to the significance of the picor-
navirus vaccine approach. In addition to the tumors being much larger, allowing the tumors to
develop for two weeks before treating permits the tumor microenvironment, including its im-
munosuppressive capacity, to become well established. Despite evidence of immunosuppres-
sive cell subsets within these tumors, the robustness of the response generated by picornavirus
vaccination was sufficient to overcome the glioma microenvironment without the incorpo-
ration of additional approaches aimed at reducing immunosuppression[11]. It is of interest
that, while peripheral administration of the OV A-expressing picornavirus led to the generation
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of fewer tumor antigen-specific CD8+ T cells infiltrating the brain than intracranial vaccina-
tion, it also produced the greatest survival benefit. This seemingly paradoxical finding may be
due to defective priming of T cells elicited by intracranial vaccination. Ohlfest et al. recently de-
scribed reduced TCR affinity and effector function of CD8+ T cells following Poly:ICLC plus
OVA vaccination as the injection site approached the tumor [18]. This tumor-dependent sup-
pression of T cell priming is likely to influence the efficacy of picornavirus-induced CD8+ T
cell responses as well, providing rationale for vaccine administration distant from the tumor
site. These characteristics of picornavirus vectors demonstrate an improved ability to generate
effective CD8+ T cell responses in a minimally invasive manner, an important consideration
for the implementation of immunotherapeutics in a clinical setting. Human picornaviruses
with homology to TMEV have been identified, including Saffold Virus and Seneca Valley
Virus, which could serve as viral vectors for human vaccinations[48-50]. In particular, Seneca
Valley Virus has already been reported to induce no dose-limiting toxicity following systemic
administration in a phase I clinical trial investigating the oncolytic effects of the virus[51].

The present study provides a model system that is uniquely applicable to the optimization
of immunotherapeutics aimed at targeting established gliomas. The model developed herein
provides a system in which to investigate the mechanisms governing the generation of effective
immune responses, as well as fundamental interactions between the immune and nervous sys-
tems, such as presentation of CNS-derived antigens, aiding in the development of treatments
for CNS disorders stemming from a wide range of etiologies.

Acknowledgments

We would like to thank the Mayo Clinic NMR core facility, especially Dr. Slobodan I. Macura
and Dr. Prasanna K. Mishra, for technical assistance with the 7 Tesla small animal imaging.

Author Contributions

Conceived and designed the experiments: DNR KDP AJJ. Performed the experiments: DNR FJ
AJB LMH. Analyzed the data: DNR FJ AJ]. Contributed reagents/materials/analysis tools: AJL
JDG MC BLC JNS IFP JRO IP. Wrote the paper: DNR AJJ.

References

1. Stupp R, Hegi ME, Mason WP, Bent MJ, Taphoorn MJ, Janzer RC, et al. Effects of radiotherapy with
concomitant and adjuvant temozolomide versus radiotherapy alone on survival in glioblastoma in a ran-
domised phase Ill study: 5-year analysis of the EORTC-NCIC trial. The lancet oncology. 2009; 10(5).
doi: 10.1016/S1470-2045(09)70025-7

2. Nieder C, Grosu AL, Molls M. A comparison of treatment results for recurrent malignant gliomas. Can-
cer Treat Rev. 2000; 26(6):397—-409. Epub 2001/01/05. doi: 10.1053/ctrv.2000.0191 PMID: 11139371.

3. Prins RM, Soto H, Konkankit V, Odesa SK, Eskin A, Yong WH, et al. Gene expression profile correlates
with T-cell infiltration and relative survival in glioblastoma patients vaccinated with dendritic cell immu-
notherapy. Clin Cancer Res. 2011; 17(6):1603—15. Epub 2010/12/08. doi: 10.1158/1078-0432.CCR-
10-2563 PMID: 21135147; PubMed Central PMCID: PMC3071163.

4. Fadul CE, Fisher JL, Hampton TH, Lallana EC, Li Z, Gui J, et al. Immune response in patients with
newly diagnosed glioblastoma multiforme treated with intranodal autologous tumor lysate-dendritic cell
vaccination after radiation chemotherapy. J Immunother. 2011; 34(4):382-9. Epub 2011/04/19. doi: 10.
1097/CJ1.0b013e318215e300 PMID: 21499132.

5. BreartB, Lemaitre F, Celli S, Bousso P. Two-photon imaging of intratumoral CD8+ T cell cytotoxic ac-
tivity during adoptive T cell therapy in mice. J Clin Invest. 2008; 118(4). doi: 10.1172/JCI34388

6. Barcia C Jr., Gomez A, Gallego-Sanchez JM, Perez-Valles A, Castro MG, Lowenstein PR, et al. Infil-
trating CTLs in human glioblastoma establish immunological synapses with tumorigenic cells. Am J
Pathol. 2009; 175(2):786—98. Epub 2009/07/25. doi: 10.2353/ajpath.2009.081034 PMID: 19628762;
PubMed Central PMCID: PMC2716973.

PLOS ONE | DOI:10.1371/journal.pone.0125565 May 1, 2015 13/16


http://dx.doi.org/10.1016/S1470-2045(09)70025-7
http://dx.doi.org/10.1053/ctrv.2000.0191
http://www.ncbi.nlm.nih.gov/pubmed/11139371
http://dx.doi.org/10.1158/1078-0432.CCR-10-2563
http://dx.doi.org/10.1158/1078-0432.CCR-10-2563
http://www.ncbi.nlm.nih.gov/pubmed/21135147
http://dx.doi.org/10.1097/CJI.0b013e318215e300
http://dx.doi.org/10.1097/CJI.0b013e318215e300
http://www.ncbi.nlm.nih.gov/pubmed/21499132
http://dx.doi.org/10.1172/JCI34388
http://dx.doi.org/10.2353/ajpath.2009.081034
http://www.ncbi.nlm.nih.gov/pubmed/19628762

@’PLOS | ONE

Picornavirus Vaccination of GL261 Gliomas

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

Wheeler CJ, Black KL, Liu G, Mazer M, Zhang XX, Pepkowitz S, et al. Vaccination elicits correlated im-
mune and clinical responses in glioblastoma multiforme patients. Cancer Res. 2008; 68(14):5955-64.
Epub 2008/07/18. doi: 10.1158/0008-5472.CAN-07-5973 PMID: 18632651.

Yang J, Sanderson NS, Wawrowsky K, Puntel M, Castro MG, Lowenstein PR. Kupfer-type immunologi-
cal synapse characteristics do not predict anti-brain tumor cytolytic T-cell function in vivo. Proc Natl
Acad Sci U S A.2010; 107(10):4716—21. Epub 2010/02/06. doi: 10.1073/pnas.0911587107 PMID:
20133734; PubMed Central PMCID: PMC2842057.

Boissonnas A, Fetler L, Zeelenberg IS, Hugues S, Amigorena S. In vivo imaging of cytotoxic T cell infil-
tration and elimination of a solid tumor. J Exp Med. 2007; 204(2):1-12. doi: 10.1084/jem.20061890

Wu A, Oh S, Gharagozlou S, Vedi RN, Ericson K, Low WC, et al. In vivo vaccination with tumor cell ly-
sate plus CpG oligodeoxynucleotides eradicates murine glioblastoma. J Immunother. 2007; 30(8):789—
97. Epub 2007/12/01. doi: 10.1097/CJ1.0b013e318155a0f6 PMID: 18049330.

Ueda R, Fujita M, Zhu X, Sasaki K, Kastenhuber ER, Kohanbash G, et al. Systemic inhibition of trans-
forming growth factor-beta in glioma-bearing mice improves the therapeutic efficacy of glioma-associat-
ed antigen peptide vaccines. Clin Cancer Res. 2009; 15(21):6551-9. Epub 2009/10/29. doi: 10.1158/
1078-0432.CCR-09-1067 PMID: 19861464; PubMed Central PMCID: PMC2783346.

Ausman JI, Shapiro WR, Rall DP. Studies on the chemotherapy of experimental brain tumors: develop-
ment of an experimental model. Cancer Res. 1970; 30(9):2394—400. Epub 1970/09/01. PMID:
54754883.

Maes W, Van Gool SW. Experimental immunotherapy for malignant glioma: lessons from two decades
of research in the GL261 model. Cancer Immunol Immunother. 2011; 60(2):153-60. Epub 2010/12/02.
doi: 10.1007/s00262-010-0946-6 PMID: 21120655.

Xiong Z, Ohlfest JR. Topical imiquimod has therapeutic and immunomodulatory effects against intra-
cranial tumors. J Immunother. 2011; 34(3):264—-9. Epub 2011/03/11. doi: 10.1097/CJI.
0b013e318209eed4 PMID: 21389872; PubMed Central PMCID: PMC3073686.

Prins RM, Odesa SK, Liau LM. Immunotherapeutic targeting of shared melanoma-associated antigens
in a murine glioma model. Cancer Res. 2003; 63(23):8487-91. Epub 2003/12/18. PMID: 14679014.

Zagzag D, Amirnovin R, Greco MA, Yee H, Holash J, Wiegand SJ, et al. Vascular apoptosis and involu-
tion in gliomas precede neovascularization: a novel concept for glioma growth and angiogenesis. Lab
Invest. 2000; 80(6):837—49. Epub 2000/07/06. PMID: 10879735.

Eyupoglu IY, Hahnen E, Heckel A, Siebzehnrubl FA, Buslei R, Fahlbusch R, et al. Malignant glioma-in-
duced neuronal cell death in an organotypic glioma invasion model. Technical note. J Neurosurg. 2005;
102(4):738-44. Epub 2005/05/06. doi: 10.3171/jns.2005.102.4.0738 PMID: 15871520.

Ohlfest JR, Andersen BM, Litterman AJ, Xia J, Pennell CA, Swier LE, et al. Vaccine injection site mat-
ters: qualitative and quantitative defects in CD8 T cells primed as a function of proximity to the tumor in
a murine glioma model. J Immunol. 2013; 190(2):613—-20. Epub 2012/12/19. doi: 10.4049/jimmunol.
1201557 PMID: 23248259; PubMed Central PMCID: PMC3538956.

Johnson AJ, Njenga MK, Hansen MJ, Kuhns ST, Chen L, Rodriguez M, et al. Prevalent class I-restrict-
ed T-cell response to the Theiler's virus epitope Db:VP2121-130 in the absence of endogenous CD4
help, tumor necrosis factor alpha, gamma interferon, perforin, or costimulation through CD28. J Virol.
1999; 73(5):3702—8. Epub 1999/04/10. PMID: 10196262; PubMed Central PMCID: PMC104145.

Dethlefs S, Escriou N, Brahic M, van der Werf S, Larsson-Sciard EL. Theiler's virus and Mengo virus in-
duce cross-reactive cytotoxic T lymphocytes restricted to the same immunodominant VP2 epitope in
C57BL/6 mice. J Virol. 1997; 71(7):5361-5. Epub 1997/07/01. PMID: 9188606; PubMed Central
PMCID: PMC191774.

Pavelko KD, Girtman MA, Mitsunaga Y, Mendez-Fernandez YV, Bell MP, Hansen MJ, et al. Theiler's
murine encephalomyelitis virus as a vaccine candidate forimmunotherapy. PLoS One. 2011; 6(5):
€20217. Epub 2011/06/01. doi: 10.1371/journal.pone.0020217 PMID: 21625449; PubMed Central
PMCID: PMC3098865.

Pavelko KD, Bell MP, Karyampudi L, Hansen MJ, Allen KS, Knutson KL, et al. The epitope integration
site for vaccine antigens determines virus control while maintaining efficacy in an engineered cancer
vaccine. Mol Ther. 2013; 21(5):1087-95. Epub 2013/04/10. doi: 10.1038/mt.2013.52 PMID: 23568262.

Johnson AJ, Upshaw J, Pavelko KD, Rodriguez M, Pease LR. Preservation of motor function by inhibi-
tion of CD8+ virus peptide-specific T cells in Theiler's virus infection. Faseb J. 2001; 15(14):2760-2.
Epub 2001/10/19. doi: 10.1096/fj.01-0373fje PMID: 11606479.

Litterman AJ, Zellmer DM, Grinnen KL, Hunt MA, Dudek AZ, Salazar AM, et al. Profound impairment of
adaptive immune responses by alkylating chemotherapy. J Immunol. 2013; 190(12):6259—-68. Epub
2013/05/21. doi: 10.4049/jimmunol.1203539 PMID: 23686484 ; PubMed Central PMCID:
PMC3680135.

PLOS ONE | DOI:10.1371/journal.pone.0125565 May 1, 2015 14/16


http://dx.doi.org/10.1158/0008-5472.CAN-07-5973
http://www.ncbi.nlm.nih.gov/pubmed/18632651
http://dx.doi.org/10.1073/pnas.0911587107
http://www.ncbi.nlm.nih.gov/pubmed/20133734
http://dx.doi.org/10.1084/jem.20061890
http://dx.doi.org/10.1097/CJI.0b013e318155a0f6
http://www.ncbi.nlm.nih.gov/pubmed/18049330
http://dx.doi.org/10.1158/1078-0432.CCR-09-1067
http://dx.doi.org/10.1158/1078-0432.CCR-09-1067
http://www.ncbi.nlm.nih.gov/pubmed/19861464
http://www.ncbi.nlm.nih.gov/pubmed/5475483
http://dx.doi.org/10.1007/s00262-010-0946-6
http://www.ncbi.nlm.nih.gov/pubmed/21120655
http://dx.doi.org/10.1097/CJI.0b013e318209eed4
http://dx.doi.org/10.1097/CJI.0b013e318209eed4
http://www.ncbi.nlm.nih.gov/pubmed/21389872
http://www.ncbi.nlm.nih.gov/pubmed/14679014
http://www.ncbi.nlm.nih.gov/pubmed/10879735
http://dx.doi.org/10.3171/jns.2005.102.4.0738
http://www.ncbi.nlm.nih.gov/pubmed/15871520
http://dx.doi.org/10.4049/jimmunol.1201557
http://dx.doi.org/10.4049/jimmunol.1201557
http://www.ncbi.nlm.nih.gov/pubmed/23248259
http://www.ncbi.nlm.nih.gov/pubmed/10196262
http://www.ncbi.nlm.nih.gov/pubmed/9188606
http://dx.doi.org/10.1371/journal.pone.0020217
http://www.ncbi.nlm.nih.gov/pubmed/21625449
http://dx.doi.org/10.1038/mt.2013.52
http://www.ncbi.nlm.nih.gov/pubmed/23568262
http://dx.doi.org/10.1096/fj.01-0373fje
http://www.ncbi.nlm.nih.gov/pubmed/11606479
http://dx.doi.org/10.4049/jimmunol.1203539
http://www.ncbi.nlm.nih.gov/pubmed/23686484

@’PLOS | ONE

Picornavirus Vaccination of GL261 Gliomas

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Johnson HL, ChenY, Jin F, Hanson LM, Gamez JD, Pirko |, et al. CD8 T cell-initiated blood-brain barri-
er disruption is independent of neutrophil support. J Immunol. 2012; 189(4):1937-45. Epub 2012/07/
10. doi: 10.4049/jimmunol.1200658 PMID: 22772449; PubMed Central PMCID: PMC3411871.

Pirko I, Suidan GL, Rodriguez M, Johnson AJ. Acute hemorrhagic demyelination in a murine model of
multiple sclerosis. J Neuroinflammation. 2008; 5:31. Epub 2008/07/09. doi: 10.1186/1742-2094-5-31
PMID: 18606015; PubMed Central PMCID: PMC2474604.

Altman JD, Moss PA, Goulder PJ, Barouch DH, McHeyzer-Williams MG, Bell JI, et al. Phenotypic anal-
ysis of antigen-specific T lymphocytes. Science. 1996; 274(5284):94—6. Epub 1996/10/04. PMID:
8810254.

Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative C(T) method. Nat Protoc.
2008; 3(6):1101-8. Epub 2008/06/13. PMID: 18546601.

Kelly PJ, Daumas-Duport C, Kispert DB, Kall BA, Scheithauer BW, lllig JJ. Imaging-based stereotaxic
serial biopsies in untreated intracranial glial neoplasms. J Neurosurg. 1987; 66(6):865—74. Epub 1987/
06/01. doi: 10.3171/jns.1987.66.6.0865 PMID: 3033172.

Pafundi DH, Laack NN, Youland RS, Parney IF, Lowe VJ, Giannini C, et al. Biopsy validation of 18F-
DOPA PET and biodistribution in gliomas for neurosurgical planning and radiotherapy target delinea-
tion: results of a prospective pilot study. Neuro Oncol. 2013; 15(8):1058-67. Epub 2013/03/06. doi: 10.
1093/neuonc/not002 PMID: 23460322; PubMed Central PMCID: PMC3714146.

Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as regulators of the immune system. Nat
Rev Immunol. 2009; 9(3):162—74. Epub 2009/02/07. doi: 10.1038/nri2506 PMID: 19197294; PubMed
Central PMCID: PMC2828349.

Umemura N, Saio M, Suwa T, Kitoh Y, Bai J, Nonaka K, et al. Tumor-infiltrating myeloid-derived sup-
pressor cells are pleiotropic-inflamed monocytes/macrophages that bear M1- and M2-type characteris-
tics. J Leukoc Biol. 2008; 83(5):1136—44. Epub 2008/02/21. doi: 10.1189/jlb.0907611 PMID:
18285406.

Iwama T, Yamada H, Sakai N, Andoh T, Nakashima T, Hirata T, et al. Correlation between magnetic
resonance imaging and histopathology of intracranial glioma. Neurol Res. 1991; 13(1):48-54. Epub
1991/03/01. PMID: 1675447.

Chen XZ, Yin XM, Ai L, Chen Q, Li SW, Dai JP. Differentiation between brain glioblastoma multiforme
and solitary metastasis: qualitative and quantitative analysis based on routine MR imaging. AJNR
American journal of neuroradiology. 2012; 33(10). doi: 10.3174/ajnr.A3106

Hammoud MA, Sawaya R, Shi W, Thall PF, Leeds NE. Prognostic significance of preoperative MRI
scans in glioblastoma multiforme. J Neurooncol. 1996; 27(1). PMID: 8699230

Muldoon LL, Soussain C, Jahnke K, Johanson C, Siegal T, Smith QR, et al. Chemotherapy delivery is-
sues in central nervous system malignancy: a reality check. J Clin Oncol. 2007; 25(16):2295-305.
Epub 2007/06/01. doi: 10.1200/JC0.2006.09.9861 PMID: 17538176.

Parney IF, Waldron JS, Parsa AT. Flow cytometry and in vitro analysis of human glioma-associated
macrophages. Laboratory investigation. J Neurosurg. 2009; 110(3):572—-82. Epub 2009/02/10. doi: 10.
3171/2008.7.JNS08475 PMID: 19199469; PubMed Central PMCID: PMC3064468.

Wu A, Wei J, Kong LY, Wang Y, Priebe W, Qiao W, et al. Glioma cancer stem cells induce immunosup-
pressive macrophages/microglia. Neuro Oncol. 2010; 12(11):1113-25. Epub 2010/07/30. doi: 10.1093/
neuonc/noq082 PMID: 20667896; PubMed Central PMCID: PMC3098021.

Dziurzynski K, Wei J, Qiao W, Hatiboglu MA, Kong LY, Wu A, et al. Glioma-associated cytomegalovirus
mediates subversion of the monocyte lineage to a tumor propagating phenotype. Clin Cancer Res.
2011;17(14):4642-9. Epub 2011/04/15. doi: 10.1158/1078-0432.CCR-11-0414 PMID: 21490182;
PubMed Central PMCID: PMC3139801.

Rodrigues JC, Gonzalez GC, Zhang L, Ibrahim G, Kelly JJ, Gustafson MP, et al. Normal human mono-
cytes exposed to glioma cells acquire myeloid-derived suppressor cell-like properties. Neuro Oncol.
2010; 12(4):351-65. Epub 2010/03/24. doi: 10.1093/neuonc/nop023 PMID: 20308313; PubMed Cen-
tral PMCID: PMC2940603.

Cantini G, Pisati F, Mastropietro A, Frattini V, lwakura Y, Finocchiaro G, et al. A critical role for regulato-
ry T cells in driving cytokine profiles of Th17 cells and their modulation of glioma microenvironment.
Cancer Immunol Immunother. 2011; 60(12):1739-50. Epub 2011/07/23. doi: 10.1007/s00262-011-
1069-4 PMID: 21779877.

El Andaloussi A, Han Y, Lesniak MS. Prolongation of survival following depletion of CD4+CD25+ regu-
latory T cells in mice with experimental brain tumors. J Neurosurg. 2006; 105(3):430—7. Epub 2006/09/
12. doi: 10.3171/jns.2006.105.3.430 PMID: 16961139.

Maes W, Rosas GG, Verbinnen B, Boon L, De Vleeschouwer S, Ceuppens JL, et al. DC vaccination
with anti-CD25 treatment leads to long-term immunity against experimental glioma. Neuro Oncol. 2009;

PLOS ONE | DOI:10.1371/journal.pone.0125565 May 1, 2015 15/16


http://dx.doi.org/10.4049/jimmunol.1200658
http://www.ncbi.nlm.nih.gov/pubmed/22772449
http://dx.doi.org/10.1186/1742-2094-5-31
http://www.ncbi.nlm.nih.gov/pubmed/18606015
http://www.ncbi.nlm.nih.gov/pubmed/8810254
http://www.ncbi.nlm.nih.gov/pubmed/18546601
http://dx.doi.org/10.3171/jns.1987.66.6.0865
http://www.ncbi.nlm.nih.gov/pubmed/3033172
http://dx.doi.org/10.1093/neuonc/not002
http://dx.doi.org/10.1093/neuonc/not002
http://www.ncbi.nlm.nih.gov/pubmed/23460322
http://dx.doi.org/10.1038/nri2506
http://www.ncbi.nlm.nih.gov/pubmed/19197294
http://dx.doi.org/10.1189/jlb.0907611
http://www.ncbi.nlm.nih.gov/pubmed/18285406
http://www.ncbi.nlm.nih.gov/pubmed/1675447
http://dx.doi.org/10.3174/ajnr.A3106
http://www.ncbi.nlm.nih.gov/pubmed/8699230
http://dx.doi.org/10.1200/JCO.2006.09.9861
http://www.ncbi.nlm.nih.gov/pubmed/17538176
http://dx.doi.org/10.3171/2008.7.JNS08475
http://dx.doi.org/10.3171/2008.7.JNS08475
http://www.ncbi.nlm.nih.gov/pubmed/19199469
http://dx.doi.org/10.1093/neuonc/noq082
http://dx.doi.org/10.1093/neuonc/noq082
http://www.ncbi.nlm.nih.gov/pubmed/20667896
http://dx.doi.org/10.1158/1078-0432.CCR-11-0414
http://www.ncbi.nlm.nih.gov/pubmed/21490182
http://dx.doi.org/10.1093/neuonc/nop023
http://www.ncbi.nlm.nih.gov/pubmed/20308313
http://dx.doi.org/10.1007/s00262-011-1069-4
http://dx.doi.org/10.1007/s00262-011-1069-4
http://www.ncbi.nlm.nih.gov/pubmed/21779877
http://dx.doi.org/10.3171/jns.2006.105.3.430
http://www.ncbi.nlm.nih.gov/pubmed/16961139

@’PLOS | ONE

Picornavirus Vaccination of GL261 Gliomas

44.

45.

46.

47.

48.

49.

50.

51.

11(5):529-42. Epub 2009/04/02. doi: 10.1215/15228517-2009-004 PMID: 19336528; PubMed Central
PMCID: PMC2765342.

Learn CA, Fecci PE, Schmittling RJ, Xie W, Karikari |, Mitchell DA, et al. Profiling of CD4+, CD8+, and
CD4+CD25+CD45R0O+FoxP3+ T cells in patients with malignant glioma reveals differential expression
of the immunologic transcriptome compared with T cells from healthy volunteers. Clin Cancer Res.
2006; 12(24):7306—15. Epub 2006/12/26. doi: 10.1158/1078-0432.CCR-06-1727 PMID: 17189402.

lizuka Y, Kojima H, Kobata T, Kawase T, Kawakami Y, Toda M. Identification of a glioma antigen,
GARC-1, using cytotoxic T lymphocytes induced by HSV cancer vaccine. Int J Cancer. 2006; 118
(4):942-9. Epub 2005/09/10. doi: 10.1002/ijc.21432 PMID: 16152596.

Hatano M, Kuwashima N, Tatsumi T, Dusak JE, Nishimura F, Reilly KM, et al. Vaccination with EphA2-
derived T cell-epitopes promotes immunity against both EphA2-expressing and EphA2-negative tu-
mors. J Transl Med. 2004; 2(1):40. Epub 2004/11/26. doi: 10.1186/1479-5876-2-40 PMID: 15563374;
PubMed Central PMCID: PMC535538.

Grauer OM, Molling JW, Bennink E, Toonen LW, Sutmuller RP, Nierkens S, et al. TLR ligands in the
local treatment of established intracerebral murine gliomas. J Immunol. 2008; 181(10):6720-9. Epub
2008/11/05. PMID: 18981089.

Reddy PS, Burroughs KD, Hales LM, Ganesh S, Jones BH, Idamakanti N, et al. Seneca Valley virus, a
systemically deliverable oncolytic picornavirus, and the treatment of neuroendocrine cancers. J Natl
Cancer Inst. 2007; 99(21):1623-33. Epub 2007/11/01. doi: 10.1093/jnci/djm198 PMID: 17971529.

Morton CL, Houghton PJ, Kolb EA, Gorlick R, Reynolds CP, Kang MH, et al. Initial testing of the replica-
tion competent Seneca Valley virus (NTX-010) by the pediatric preclinical testing program. Pediatr
Blood Cancer. 2010; 55(2):295-303. Epub 2010/06/29. doi: 10.1002/pbc.22535 PMID: 20582972;
PubMed Central PMCID: PMC3003870.

Zoll J, Erkens Hulshof S, Lanke K, Verduyn Lunel F, Melchers WJ, Schoondermark-van de Ven E, et al.
Saffold virus, a human Theiler's-like cardiovirus, is ubiquitous and causes infection early in life. PLoS
Pathog. 2009; 5(5):€1000416. Epub 2009/05/05. doi: 10.1371/journal.ppat.1000416 PMID: 19412527;
PubMed Central PMCID: PMC2670511.

Rudin CM, Poirier JT, Senzer NN, Stephenson J, Loesch D, Burroughs KD, et al. Phase | clinical study
of Seneca Valley Virus (SVV-001), a replication-competent picornavirus, in advanced solid tumors with
neuroendocrine features. Clin Cancer Res. 2011; 17(4). doi: 10.1158/1078-0432.CCR-10-1706

PLOS ONE | DOI:10.1371/journal.pone.0125565 May 1, 2015 16/16


http://dx.doi.org/10.1215/15228517-2009-004
http://www.ncbi.nlm.nih.gov/pubmed/19336528
http://dx.doi.org/10.1158/1078-0432.CCR-06-1727
http://www.ncbi.nlm.nih.gov/pubmed/17189402
http://dx.doi.org/10.1002/ijc.21432
http://www.ncbi.nlm.nih.gov/pubmed/16152596
http://dx.doi.org/10.1186/1479-5876-2-40
http://www.ncbi.nlm.nih.gov/pubmed/15563374
http://www.ncbi.nlm.nih.gov/pubmed/18981089
http://dx.doi.org/10.1093/jnci/djm198
http://www.ncbi.nlm.nih.gov/pubmed/17971529
http://dx.doi.org/10.1002/pbc.22535
http://www.ncbi.nlm.nih.gov/pubmed/20582972
http://dx.doi.org/10.1371/journal.ppat.1000416
http://www.ncbi.nlm.nih.gov/pubmed/19412527
http://dx.doi.org/10.1158/1078-0432.CCR-10-1706


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


