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Previously, we showed that vesicular stomatitis virus 
(VSV) engineered to express a cDNA library from human 
melanoma cells (ASMEL, Altered Self Melanoma Epit-
ope Library) was an effective systemic therapy to treat 
subcutaneous (s.c.) murine B16 melanomas. Here, we 
show that intravenous treatment with the same ASMEL 
VSV-cDNA library was an effective treatment for estab-
lished intra-cranial (i.c.) melanoma brain tumors. The 
optimal combination of antigens identified from the 
ASMEL which treated s.c. B16 tumors (VSV-N-RAS+VSV-
CYTC-C+VSV-TYRP-1) was ineffective against i.c. B16 
brain tumors. In contrast, combination of VSV-expressed 
antigens—VSV-HIF-2α+VSV-SOX-10+VSV-C-MYC+VSV-
TYRP1—from ASMEL which was highly effective against 
i.c. B16 brain tumors, had no efficacy against the same 
tumors growing subcutaneously. Correspondingly, i.c. 
B16 tumors expressed a HIF-2αHi, SOX-10Hi, c-mycHi, 
TYRP1, N-RASloCytclo antigen profile, which differed sig-
nificantly from the HIF-2αlo, SOX-10lo, c-myclo, TYRP1, 
N-RASHiCytcHi phenotype of s.c. B16 tumors, and was 
imposed upon the tumor cells by CD11b+ cells within 
the local brain tumor microenvironment. Combining 
T-cell costimulation with systemic VSV-cDNA treatment, 
long-term cures of mice with established i.c. tumors were 
achieved in about 75% of mice. Our data show that the 
anatomical location of a tumor profoundly affects the 
profile of antigens that it expresses.
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INTRODUCTION
During our studies to develop effective oncolytic viruses for 
cancer therapy, we showed that vesicular stomatitis virus (VSV) 
not only acts as an oncolytic agent1,2 but also serves as a power-
ful immune adjuvant.2–6 Thus, therapy of intra-tumorally (i.t.) 
delivered VSV in the B16-ova model derived predominantly 

from immune bystander effects of the anti-viral innate immune 
response at the tumor site.2–6 In addition, viral oncolysis of B16 
metastases in the tumor draining lymph node (TDLN) was sig-
nificantly more effective at priming adaptive T-cell responses 
against Tumor Associated Antigens (TAA), and clearing tumor, 
than was direct i.t. virus.7 This reflected a potent VSV-mediated 
activation of APC in the TDLN for presentation of TAA released 
from metastases undergoing oncolysis.7 We,2,8 and others,9–11 have 
also enhanced priming of CD8+ T-cell responses against TAA by 
incorporating specific TAA into the oncolytic virus,2,8 thereby 
combining truly systemic delivery of oncolytic viruses with effec-
tive tumor vaccination to mobilize therapeutic anti-tumor T-cell 
responses. However, a major hurdle to cancer immunotherapy is 
that tumors readily evolve to escape from single antigen specific 
immune responses.12,13 If immunotherapies are developed to tar-
get a broad repertoire of TAAs, it will become increasingly difficult 
for tumors to lose expression of all of these TAA simultaneously, 
and/or for highly heterogeneous tumors to maintain sub-dom-
inant clones which already lack expression of a subset of TAA, 
in order to escape a multi-targeted immune response.14 In this 
respect, we previously showed that by inducing “stressful death” 
of normal cells it was possible to generate autoimmune responses, 
which were also effective against tumor cells which share antigens 
with the normal tissue.15–20

Therefore, we combined the concepts of inflammatory kill-
ing of normal cells to treat tumors, with the use of VSV as both 
an oncolytic and adjuvant. We hypothesized that, by expressing a 
cDNA library of a normal/tumor tissue from systemically deliv-
ered, immunogenic VSV, it would be possible to display a very 
broad repertoire of TAA, which are also expressed on tumors of 
the same histological type and against which T-cell responses 
would mediate tumor rejection. Consistent with this, intravenous 
(i.v.) injection of VSV expressing a cDNA library from normal 
human prostate induced rejection of established murine prostate 
tumors, without detectable autoimmunity.21 In this system, VSV 
induced inflammatory signals in the TDLN, which activated anti-
tumor T-cell responses2,7,9,22–26 against the repertoire of potential 

2September2014

1936

1948

Immunotherapy is Determined by Tumor Location

Molecular Therapy

10.1038/mt.2014.134

original article

00nov2014

22

11

13May2014

5July2014

© The American Society of Gene & Cell Therapy

The first two authors and the last two authors contributed equally to this work.
Correspondence: Richard Vile, Mayo Clinic, Gugg 18, 200 First Street SW, Rochester, Minnesota 55905, USA. E-mail: vile.richard@mayo.edu 

The Profile of Tumor Antigens Which Can be 
Targeted by Immunotherapy Depends Upon the 
Tumor’s Anatomical Site
Vanesa Alonso-Camino1, Karishma Rajani1, Timothy Kottke1, Diana Rommelfanger-Konkol1, 
Shane Zaidi1,2, Jill Thompson1, Jose Pulido1,3, Elizabeth Ilett4, Oliver Donnelly4, Peter Selby4, 
Hardev Pandha5, Alan Melcher4, Kevin Harrington2, Rosa Maria Diaz1 and Richard Vile1,4,6

1Department of Molecular Medicine, The Institute of Cancer Research, London, UK; 2The Institute of Cancer Research, Division of Cancer Biology, 
Chester Beatty Laboratories, London, UK; 3Department of Ophthalmology and Ocular Oncology Mayo Clinic, Rochester, Minnesota, USA; 4Faculty of 
Medicine and Health, Leeds Institute of Cancer and Pathology, Leeds, UK; 5Leggett Building, Faculty of Health and Medical Sciences, University of  
Surrey, Guildford, UK; 6Department of Immunology, Mayo Clinic, Rochester, Minnesota, USA

1936 www.moleculartherapy.org vol. 22 no. 11, 1936–1948 nov. 2014

http://www.nature.com/doifinder/10.1038/mt.2014.134
mailto:vile.richard@mayo.edu


© The American Society of Gene & Cell Therapy
Immunotherapy is Determined by Tumor Location

TAA encoded by the cDNA library.21 Similarly, a VSV-cDNA 
library from human melanoma cells (an Altered Self Melanoma 
Epitope Library (ASMEL) in the murine context) also treated 
subcutaneous (s.c.) murine B16 melanomas.27 In both prostate21 
and melanoma27 models, re-stimulation of lymph nodes (LN)/
splenocytes from mice cured of tumor with the VSV-cDNA 
library stimulated tumor specific, cytokine recall responses in 
vitro. Using this assay, we identified 3 VSV-cDNA viruses—VSV-
N-RAS/VSV-CYT-C/VSV-TYRP-1—from the ASMEL mela-
noma VSV-cDNA library which, in combination, but not alone, 
induced s.c. B16 tumor rejection by priming a Th17 anti-tumor 
response.27

The goal of the current study was to investigate whether the 
ASMEL VSV-cDNA library strategy would show a more gen-
eralizable therapy against disseminated disease in other body 
sites. To test this, we treated mice with intra-cranial (i.c.) B16 
tumors as opposed to s.c. with the ASMEL VSV-cDNA library. 
Here, we show that, in the presence of additional T-cell costim-
ulation with IL-2Cx,28 intravenously delivered ASMEL cured 
over 75% of mice bearing 5 days established B16 tumors in the 
brain. However, to our surprise, the combination of antigens 
from the ASMEL which treated s.c. B16 tumors (VSV-N-RAS/
VSV-CYT-C/VSV-TYRP-1), was ineffective against i.c. B16 
brain tumors; in contrast, a different combination of VSV-
expressed antigens—VSV-Hypoxia-Inducible Factor 2α (HIF-
2α)/VSV-SOX-10/VSV-C-MYC/VSV-TYRP1—identified from 
the ASMEL, which was highly effective against i.c. B16 brain 
tumors, had no efficacy against s.c. B16 tumors. Our data show 
that the site of tumor growth, even of tumors of the same histo-
logical type, profoundly affects the profile of potential immuno-
gens expressed by the tumor cells. This may either be through 
the direct imposition of a niche-specific phenotype upon the 
tumor cells by the local tumor/immune environment or by 
selection of a subset of pre-existing clones from the heteroge-
neous tumor mass, which express different antigen repertoires 
associated with optimal growth in different niches. Therefore, 
the design of therapeutic strategies must take into account not 
only the specific histological type of tumor being treated, but 
also the antigenic/immunogenic identity imposed by the local 
tumor microenvironment, which may differ radically between 
tissue/organ sites.

RESULTS
VSV expressing a foreign model TAA treats i.c. 
tumors
Systemic (i.v.) delivery of VSV-expressing OVA, a model TAA of 
B16-ova tumors, significantly prolonged survival of mice with 
established intra-cranial B16-ova tumors (P = 0.0259 compared to 
VSV-GFP), but was unable to generate any cures (Figure 1a). As we 
reported previously for s.c. B16-ova tumors which escaped OVA-
targeted immunotherapy,29 i.c. tumors which developed following 
i.v. VSV-ova had lost expression of the target OVA antigen (data 
not shown).

VSV expressing a self-TAA is ineffective against i.c. 
tumors
In contrast to our ability to target OVA, a foreign TAA against 
which no tolerance exists in C57BL/6 mice, VSV-hgp100, target-
ing the endogenous self-TAA gp100, against which tolerance is 
intact in C57BL/6 mice, generated no significant therapy against 
i.c. B16-ova tumors in vivo (Figure 1b), and all the tumors recov-
ered from these mice still retained unchanged levels of gp100 
expression (data not shown). However, although adoptive transfer 
of naive Pmel hgp100 antigen-specific T cells had no therapeutic 
effect compared to PBS30,31 (data not shown) >80% of mice bear-
ing i.c. B16-ova tumors were cured by combining i.v. VSV-hgp100 
with adoptive transfer of naive PMEL antigen-specific T cells 
(Figure 1b)—similar to our results treating s.c. B16 tumors.30,31 
These data confirm that B16 melanoma in the brain (a common 
site of clinical metastases) is amenable to immunotherapy, as we 
have shown for s.c. disease.

ASMEL VSV-cDNA library treats melanoma in the 
brain
We therefore hypothesized that it would be possible to 
treat  i.c.  tumors by targeting multiple different self-TAA on 
the  tumor cells using a cDNA library, would raise multiple 
(weak) T-cell responses against several different self-antigens, 
which would, cumulatively, be sufficient to impact on tumor 
growth. Consistent with this, i.v. treatment with the ASMEL 
VSV-cDNA library, constructed from cDNA of human mela-
noma cells,27 significantly extended survival of mice bearing 5 
days established i.c. B16-ova tumors (P < 0.0001 compared to 

Figure 1  Systemic VSV expressing a tumor antigen treats brain tumors. (a) C57BL/6 mice bearing 5d established intra-cranial B16-ova tumors 
were treated intravenously with PBS (100 μl) or 5 × 106 pfu/100 μl of VSV-GFP or VSV-ova on days 6, 8, and 10. Survival with time (tumor <1.0 cm 
diameter) is shown. (b) C57BL/6 mice bearing 5d established i.c. tumors (7–8/grp) were treated with naive Pmel T cells (1 × 106 cells/100 μl) or PBS 
(100 μl) on day 6. Three doses of VSV-hgp100 or VSV-ova (5 × 106 pfu/100 μl) or PBS (100 μl) were given intravenously every other day starting 1 
day after adoptive T-cell transfer. (c) C57BL/6 mice bearing 5d established intra-cranial B16-ova tumors were treated intravenously with 5 × 106 pfu 
of VSV-GFP or the ASMEL on days 6, 8, 10; 13, 15, 17; 20, 22, 24; and 27, 19, 31. Survival with time is shown.
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VSV-GFP) (Figure 1c). Although the ASMEL VSV-cDNA did 
not generate any long-term cures, it targeted only self- antigens 
(OVA is not expressed in the ASMEL) and it was signifi-
cantly more effective than VSV-mediated expression of either 
a single self-TAA (gp100, no therapy) (Figure 1b) or a non-
tolerized, foreign TAA (VSV-ova) (Figure 1a) in two separate 
experiments.

ASMEL boosts a Th17 anti-tumor memory response
Previously we had shown that anti-tumor efficacy of VSV-
cDNA libraries correlates with the ability of LN/splenocytes 
from VSV-cDNA library treated, tumor-cured mice to mount 
an IL-1721,27 or IFN-γ32 recall response in vitro upon re-stim-
ulation with either tumor targets or the library itself. LN/sple-
nocytes from C57BL/6 mice bearing i.c. B16-ova tumors and 

Figure 2 Systemic treatment with the ASMEL. (a,b) Pooled LN/splenocytes (1 × 106/well) from mice which either never had a tumor (Tumor; -) 
or had established i.c. tumors (Tumor; +) which had been treated with either the ASMEL (LIB; 9 i.v. injections), PBS (-), VSV-ova (VSV-o), or VSV-GFP 
(VSV-G) were re-stimulated in vitro with nothing (-), ~1 × 106 pfu of the parental ASMEL virus stock (LIB), freeze/thaw lysate of B16 cells (B16), ~106 
pfu of VSV-ova (VSV-o), freeze thaw lysate of B16-ova cells (B16-ova) or with the ova-specific SIINFEKL peptide (SIIN). 24 hours later, the cultures were 
replenished with an additional 1 × 106 LN/splenocytes with a further round of virus infection/re-stimulation 24 after that. 48 hours following the final 
infection with virus, supernatants were assayed for (a) IL-17 or (b) IFN-γ by ELISA. (c) LN/splenocytes cultures (104/well) from C57BL/6 mice bearing 
i.c. B16 tumors and treated with the ASMEL were screened for secretion of IL-17 induced by infection with aliquots of ~1 × 104 pfu of the parental 
ASMEL virus stock in the presence of recombinant hsp70 (10 μg/ml). Aliquots which contained virus competent for inducing the IL-17 recall response 
were pooled and expanded in BHK cells (24–36 hours.). New LN/splenocytes cultures from ASMEL-treated mice were infected with serial dilutions 
of this expanded stock in the presence of recombinant hsp70, and assayed for IL-17 production. The highest dilution of the virus stock (~1 × 101 pfu) 
which induced IL-17 at levels significantly above background (>100 pg/ml) was amplified by passaging through BHK cells for 24–36 hours. Serial 
dilutions of this expanded stock were screened for their ability to induce IL-17. 10 μl aliquots of the highest dilution of the virus which induced IL-17 
(1 × 102 pfu) were used as the starting point for limiting dilution cloning on BHK cells to identify the dilution at which a single virus particle generated 
cytopathic effect (+). Of 18 individual viruses screened from this experiment 5 viruses encoded part of the human HIF-2α gene,33 5 viruses encoded 
part of the human SOX-10 gene,34 3 viruses encoded part of the human TYRP1 gene,36 and 4 viruses encoded sequence of the human C-MYC gene.35
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treated with the ASMEL, secreted IL-17, and IFN-γ in response 
to re-stimulation in vitro with the ASMEL (Lane 2) (Figure 
2a,b). Interestingly, LN/splenocytes from mice which had no 
primary tumor, but were treated with ASMEL, secreted sig-
nificantly reduced amounts of IL-17, relative to tumor-bearing 
mice, upon in vitro re-stimulation with the ASMEL (Lanes 2 
versus 4) (Figure 2a), but did exhibit a similar memory IFN-
γ recall response to the ASMEL (Lanes 2 versus 4) (Figure 
2b). Consistent with this IFN-γ response being predominantly 
directed against VSV antigens, although tumor bearing mice 
treated with either the ASMEL VSV-cDNA library, or with VSV-
ova, did not have an IL-17 recall response to VSV-ova (Lane 7) 

(Figure 2a), VSV-hgp100 (data not shown) or VSV-GFP (data 
not shown), they did have a Th1, IFN-γ memory response in 
all cases when they were re-stimulated with VSV (either the 
ASMEL or VSV-ova)(Lanes 6 and 7) (Figure 2b). This Th1, 
IFN-γ response was absent unless both in vivo treatment and 
re-stimulation, included VSV; hence, IFN-γ was not seen on re-
stimulation of VSV-ova treated mice with cells (not VSV) not 
expressing OVA (Lane 10) (Figure 2b) or with re-stimulation 
with OVA peptide (not expressed by VSV) when in vivo treat-
ment was with VSV-GFP (Lane 11) (Figure 2b). However, treat-
ment with VSV-ova was able to generate a Th1, IFN-γ memory 
recall response against the foreign encoded OVA antigen, as 

Figure 3 TAA expression is determined by anatomical location of the tumor. (a) LN/splenocytes cultures from mice treated for i.c. B16-ova tumors 
with the ASMEL were screened for IL-17 secretion following re-stimulation in vitro with a total of 107 pfu of combinations of the viruses selected from 
the screen of Figure 2c, including VSV-HIF-2α+VSV-SOX-10+VSV-GFP (Lane 1); VSV-C-MYC+VSV-TYRP-1+VSV-GFP (Lane 2); VSV-C-MYC+VSV-TYRP-
1+VSV-HIF-2α+VSV-SOX-10 (Lane 3); the melanoma derived ASMEL (Lane 4) or the control ASEL VSV-cDNA library from human prostate cDNA (Lane 
5).21,32 In addition, re-stimulation was also performed with freeze-thaw lysates from long-term in vitro cultured B16-ova cells (Lane 6); B16-ova cells 
freshly resected (within 48 hours of explant) from s.c. tumors (Lane 7); B16-ova cells freshly resected from three pooled i.c. tumors (Lane 8) or from 
long-term in vitro cultured TC2 murine prostate cells (Lane 9). (b) LN/splenocytes cultures from mice treated for s.c. B16-ova tumors with the ASMEL 
were screened for IL-17 secretion following re-stimulation in vitro with 107 pfu of the melanoma derived ASMEL (Lane 1) or the control ASEL VSV-
cDNA library from human prostate cDNA (Lane 2);21,32 or with freeze-thaw lysates from long-term in vitro cultured B16-ova cells (Lane 3); B16-ova 
cells freshly resected from s.c. tumors (Lane 4); or B16-ova cells freshly resected from three pooled i.c. tumors (Lane 5). (c) LN/splenocytes cultures 
from mice treated for either i.c. (Lanes 1–12) or s.c. (Lanes 13–24) B16-ova tumors with the ASMEL were screened for IL-17 secretion following re-
stimulation in vitro with 1 × 107 pfu of the melanoma derived ASMEL (Lane 1 and 13); PBS (Lanes 2 and 14); VSV-GFP (Lanes 3 and 15); or with a total 
of 1 × 107 pfu of different combinations of either three viruses including VSV-N-RAS+VSV-TYRP-1+VSV-CYT-C (Lanes 4 and 16) or VSV-SOX10+VSV-HIF-
2α+VSV-C-MYC (Lanes 5 and 17); of four viruses including VSV-cMYC+VSV-TYRP-1+VSV-HIF-2α+VSV-SOX10 (Lanes 6 and 18); or of combinations of 
two different viruses: VSV-CYT-C+VSV-N-RAS (Lanes 7 and 19); VSV-CYT-C+VSV-TYRP-1 (Lanes 8 and 20); VSV-N-RAS+VSV-TYRP-1 (Lanes 9 and 21); 
VSV-SOX-10+VSV-HIF-2α (Lanes 10 and 22); VSV-SOX-10+VSV-C-MYC (Lanes 11 and 23) or VSV-C-MYC+ VSV-HIF-2α (Lanes 12 and 24).
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demonstrated either by re-stimulation with OVA-expressing 
cells (Lanes 8 and 10) (Figure 2b) or with OVA peptide (Lanes 
9 and 10) (Figure 2b). Hence, in the context of i.c. B16, a Th17 
memory response indicated priming against ASMEL-encoded 
TAA, whilst a Th1, IFN-γ response corresponded to priming 
against the VSV adjuvant or an artificially dominant antigen, 
such as OVA.

Identification of brain tumor antigens
We exploited the ability of LN/splenocytes (harvested from all 
the LN of the mice) from intra-cranial tumor-bearing ASMEL-
treated mice to secrete IL-17 upon in vitro re-stimulation with the 
ASMEL (Lane 2) (Figure 2a) to identify individual VSV-cDNA 
viruses which encoded proteins that are the immunogenic tar-
gets of this IL-17 memory response. Using an assay previously 
validated to clone immunogenic proteins from VSV-cDNA 
libraries,21,32 including the ASMEL,27 we isolated the highest dilu-
tion of the ASMEL which was still active in stimulating an IL-17 
recall response from LN/splenocytes (Figure 2c). Limiting dilu-
tion cloning from this highly diluted stock identified single VSV 
encoding 5′ cDNA sequences from HIF-2α,33 SOX-10,34 C-MYC,35 
and TYRP-1.27,36

Anatomical location of tumor affects antigen 
expression
Consistent with our previous observations for the treatment of 
s.c. B16 tumors,27 re-stimulation of LN/splenocytes from tumor 
bearing, ASMEL-treated mice with any of these VSV-cDNA indi-
vidually, in double or triple combinations, did not induce signifi-
cant IL-17 (Figure 3a). However, when all four were combined, at 
the same total dose of virus, an IL-17 recall response was induced 
in vitro at levels approaching that induced by re-stimulation with 
the intact, un-fractionated ASMEL (Figure 3a).

To our surprise, and despite the fact that the ASMEL gener-
ated significant therapy against i.c. B16-ova tumors, LN/spleno-
cytes from C57BL/6 mice bearing intra-cranial B16-ova tumors, 
which had been treated with the ASMEL, did not secrete IL-17 (or 
IFN-γ) when re-stimulated in vitro with lysates of cultured B16-
ova cells (Lane 3) (Figure 2a,b) (Lane 6) (Figure 3a). This was 
in sharp contrast to our previous findings where LN/splenocytes 
from mice in which s.c. tumors were cured by treatment with the 
ASMEL had a Th17 memory response against both the ASMEL 
and cultured tumor cells in both the B16 and B16-ova models 
(Figure 3b).27 However, the IL-17 recall response was effectively 
induced from LN/splenocytes of mice with i.c. B16-ova tumors, 
treated with the ASMEL, upon re-stimulation with tumor cells 
recovered directly from i.c.-grown B16-ova brain tumors (Lane 8) 
(Figure 3a). In contrast, LN/splenocytes from mice treated for s.c. 
B16-ova tumors with the ASMEL could not be re-stimulated with 
brain tumor-derived B16 targets (Lane 5) (Figure 3b).

These data suggested that B16-ova tumors growing in the 
brain expressed a distinct set of potentially immunogenic TAA, 
compared to B16-ova tumors growing s.c., against which a Th17 
response was raised by the presence of the tumor and which was 
boosted by i.v. treatment with the ASMEL. Consistent with this, 
LN/splenocytes from mice bearing i.c. B16-ova tumors, treated 
with the ASMEL, secreted high levels of IL-17 upon re-stimulation 

with either the unfractionated ASMEL or the combination of 
(VSV-HIF-2α/VSV-SOX-10/VSV-c-myc/VSV-TYRP-1) but not 
with other combinations of VSV-cDNA, including (VSV-N-RAS/
VSV-CYT-C/VSV-TYRP-1) (Figure 3c). In contrast, LN/sple-
nocytes from mice bearing s.c. B16-ova tumors, treated with the 
ASMEL, also secreted high levels of IL-17 upon re-stimulation 
with the unfractionated ASMEL, but not with the combina-
tion of (VSV-HIF-2α/VSV-SOX-10/VSV-c-myc/VSV-TYRP-1); 
however, re-stimulation with (VSV-N-RAS/VSV-CYT-C/VSV-
TYRP-1), which was therapeutically active against s.c. B16-ova 
tumors,27 generated high levels of IL-17 (Figure 3c).

Melanoma tumors in the brain express a specific 
profile of potential tumor antigens
Therefore, we tested B16-ova cells, recovered from s.c. or i.c. envi-
ronments, for their profiles of antigen expression. B16-ova cells 
maintained in vitro, and the source for implantation of both s.c. 
and i.c. tumors, expressed low (CT GAPDH-gene <0) levels of 
both HIF-2α and c-MYC, and moderate levels of TYRP-1, N-RAS 
and CYT-C mRNA (Lanes 16–20) (Figure 4a). Consistent with 
N-RAS, CYT-C and TYRP-1 as immunogens expressed by s.c. 
B16-ova tumors,27 freshly explanted s.c. B16-ova tumors had a 
very similar HIF-2αlo, c-MYClo, profile of antigen expression, and 
a slightly higher expression of both N-RAS and CYT-C mRNA 
(Lanes 1–5) (Figure 4a). In contrast, and consistent with HIF-2α 
and c-MYC as immunogens of i.c. tumors, freshly explanted i.c. 
B16-ova tumors from the brain had a very different HIF-2αHi, 
c-MYCHi profile as well as significantly lower levels of expres-
sion of N-RAS and CYT-C mRNAs (Lanes 6–10) (Figure 4a). 
Expression levels of TYRP-1 were similar across B16-ova cells 
recovered from in vitro passage, s.c. or i.c. sites. Expression of 
SOX-10 between i.c. and s.c. B16-ova tumor explants closely mir-
rored changes in HIF-2α (data not shown). Finally, upon pro-
longed in vitro culture, B16-ova cells recovered from i.c. tumors 
gradually reverted from a HIF-2αHi, SOX-10Hi, c-MYCHi profile to 
a more in vitro/s.c.-like HIF-2αlo, SOX-10lo, c-myclo, profile, with 
a gradual increase of N-RAS expression (Lanes 11–15) (Figure 
4a). The qRT-PCR data was validated at the protein expression 
level for HIF-2α using an enzyme-linked immunosorbent assay 
(ELISA) assay (Figure 4b) and by western blotting for N-RAS 
and C-MYC (Figure 4d,e). GL261 glioma cells, freshly resected 
from the brain, also expressed a HIF-2αHi phenotype, which was 
significantly different from the in vitro cultured cells from which 
those tumors were derived (Lanes 1 and 2) (Figure 4c). In addi-
tion, as for s.c. B16-ova tumors, freshly resected s.c. TC2 prostate 
tumors had a very similar level of HIF-2α as their in vitro cul-
tured counterparts (Lanes 3 and 4) (Figure 4c).

Intra-cranial CD11b+ cells mediate the HIF-2αHi 
phenotype
In vitro culture of B16-ova cells with cell free lysates of mouse 
brain did not change the HIF-2αlo phenotype of cultured B16-ova 
cells (Lanes 6–8) (Figure 5a). In contrast, coculture with cell-
intact brain cell suspensions significantly increased levels of HIF-
2α expression by qRT-PCR (Lanes 9–11) (Figure 5a), confirmed 
at the protein level by ELISA (data not shown). Whilst depletion 
of neither CD8+ T cells, NK cells nor neutrophils significantly 
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prevented induction of the HIF-2αHi phenotype by brain cell sus-
pensions (Figure 5b), depletion of CD11b+ cells completely abro-
gated this effect (Lanes 1, 2, and 6) (Figure 5b). Depletion of CD4+ 
T cells had a significant, but incomplete, effect on preventing the 
HIF-2αlo to HIF-2αHi high transition (Lanes 1,2,4) (Figure 5b). 
Finally, coculture of B16 cells with purified CD11b+ cells from 
mouse brains was able to mimic almost entirely the effects of 
brain cell suspensions on inducing the HIF-2αlo to HIF-2αHi high 
transition of B16-ova cells in culture (Figure 5c), an effect that 
was specific to brain derived CD11b+ cells as opposed to splenic 
CD11b+ cells (Figure 5c,d).

i.c. tumors are treated by different immunogens than 
s.c. tumors
Intravenous treatment of mice bearing established s.c. B16-ova 
tumors with a combination of VSV expressing HIF-2α, SOX-
10, c-MYC, and TYRP1 was completely ineffective at controlling 

tumor growth, or overall survival (Figure 6a). However, as reported 
previously, a combination of VSV expressing N-RAS, CYT-C, and 
TYRP-1 delivered i.v. was highly effective against s.c. B16-ova 
tumors (P < 0.001 compared to controls) (Figure 6a). In contrast, 
for mice bearing i.c. B16-ova tumors, although the VSV-N-RAS, 
CYT-C, and TYRP-1 combination had no therapeutic effect on 
survival, the combination of VSV expressing HIF-2α, SOX-10, 
c-MYC, and TYRP1 generated highly significant survival benefits 
over controls (P < 0.0001) (Figure 6b), similar to those produced 
by the intact ASMEL (Figures 2a and 6b). The combination of 
(VSV-HIF-2α+VSV-TRP-1) had a significant, but very mod-
est, benefit on survival compared to controls (P = 0.02) in one 
experiment, whilst (VSV-c-MYC+VSV-TYRP-1) was no better 
than controls (VSV-GFP or PBS) in treating i.c. B16-ova tumors 
(data not shown), showing that multiple combinations of immu-
nogens are optimal for VSV-mediated immunotherapy of B16-ova 
(as reported previously).27 The combination of VSV expressing 

Figure 4 Intra-cranial and s.c. tumor phenotypes are distinct. (a) cDNA from B16-ova cells freshly resected from s.c. tumors (SCT) (Lanes 1–5), 
B16-ova cells freshly resected from three pooled i.c. tumors (ICT) (Lanes 6–10), B16-ova cells resected from three pooled i.c. tumors and maintained 
in culture for 3 weeks (Lanes 11–15) or long-term in vitro cultured B16-ova cells (Lanes 16–20) was screened by qRT-PCR for expression of HIF-2α 
(Lanes 1, 6, 11, 16), C-MYC (Lanes 2, 7, 12, 17), TYRP-1 (Lanes 3, 8, 13, 18), N-RAS (Lanes 4, 9, 14, 19) and CYT-C (Lanes 5, 10, 15, 20). The dif-
ference in cycle threshold (CT) for expression of the control GAPDH gene and the target gene (CT(GAPDH)-CT(Target gene)) is shown. Results are 
representative of three separate experiments. (b) HIF-2α protein expression from B16-ova cells freshly resected from s.c. tumors (Lane 1), B16-ova 
cells freshly resected from three pooled i.c. tumors (Lane 2), B16-ova cells resected from three pooled i.c. tumors and maintained in culture for 3 
weeks (Lane 3) or long-term in vitro cultured B16-ova cells (Lane 4) was measured by ELISA with samples standardized for equal protein loading. 
(c) The experiment of b was repeated using glioma GL261 cells freshly resected from i.c. tumors (Lane 1) or long-term in vitro cultured GL261 cells 
(Lane 2); prostate TC2 cells freshly resected from s.c. tumors (Lane 3) or long-term in vitro cultured TC2 cells (Lane 4). (d) N-RAS or (e) C-MYC 
protein expression from long-term in vitro cultured B16-ova (Lane 1) or GL261 (Lane 4) cells, B16-ova (2) or GL261 (5) cells freshly resected from 
i.c. tumors, or B16-ova (3) or GL261 (6) cells freshly resected from s.c. tumors, was measured by Western Blot with samples standardized for equal 
protein loading using β-actin.
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HIF-2α, SOX-10, c-MYC, and TYRP1 was at least as effective at 
treating i.c. B16 tumors (Figure 6c), as it was at treating i.c. B16-
ova tumors (Figure 6b), confirming that the ova antigen was not a 
target immunogen in these experiments.

Additional T-cell stimulation improves therapy
As for the s.c. treatment model,27 6 i.v. injections of the unfrac-
tionated ASMEL, or of the VSV-HIF-2α/SOX-10/c-MYC/TYRP1 
combination, instead of the 12 of Figure 6b, still gave significant (P 
< 0.01 compared to controls), but very moderate, survival benefits 
against B16-ova i.c. tumors (Figure 7a). However, in the presence 
of additional T-cell stimulation with IL-2Cx,28 this suboptimal 
dose of VSV-cDNA was converted into a highly effective immu-
notherapy, which cured over 75% of mice with i.c. B16-ova tumors 

(Figure 7a). LN/splenocytes from mice treated with VSV (either 
VSV-GFP or VSV-cDNA) and IL-2Cx had significantly enhanced 
Th1, IFN-γ memory recall responses against VSV (re-stimulation 
in vitro with a VSV-infected, non B16 cell line) (Figure 7b). As 
before (Figure 3c), mice treated with the VSV-cDNA combination 
alone did not have a Th1 IFN-γ response against i.c. or s.c. derived 
B16-ova cell targets (Figure 7c). However, treatment with VSV-
cDNA (but not VSV-GFP) in the presence of IL-2Cx, induced 
weak, but significant, Th1 responses in all 5 mice tested against 
re-stimulating targets from B16-ova i.c. tumor growth; however, 
only 1 mouse had a detectable Th1 response against s.c. B16-ova 
tumor targets (Figure 7c). Interestingly, although treatment with 
VSV-cDNA alone did not generate any reactivity against glioma 
GL261 cells freshly explanted from the brain, IL-2Cx cotreatment 

Figure 5 The i.c. phenotype is imposed by brain associated immune cells. (a) cDNA from two different brain-cell suspensions (DBC, dissociated 
intact brain cells) (Lanes 1,2); B16-ova cells from three different freshly resected s.c. tumors (SCT) (Lanes 3,4,5); cocultures of B16-ova cells from 
freshly resected s.c. tumors with freeze/thaw lysates of mouse brain cells (Lanes 6–8), or cocultures of B16-ova cells from freshly resected s.c. tumors 
with dissociated brain-cell suspensions (Lanes 9–11) (Materials and Methods section) were screened by qRT-PCR for expression of HIF-2α relative to 
GAPDH. The difference in cycle threshold for expression of the control GAPDH gene and HIF-2α (CT(GAPDH)-CT(HIF-2α)) is shown. (b) cDNA from 
B16-ova cells from a freshly resected s.c. tumor with no added brain-cell suspension (Lane 1); cocultured with dissociated brain-cell suspension (Lane 
2); or cocultured with dissociated brain-cell suspensions depleted of CD8 (Lane 3); CD4 (Lane 4); NK (Lane 5); CD11b (Lane 6); Ly-6G+ neutrophils 
(using the IA8 depleting antibody) (Lane 7); or GR1+ cells (neutrophils, some DC, some monocytes, using the RB6-8C5 depleting antibody) (Lane 8); 
were screened by qRT-PCR for expression of HIF-2α relative to GAPDH. (c) cDNA from B16-ova cells from a freshly resected s.c. tumor were cocultured 
with no added cells (Lane 1); with dissociated brain-cell suspension (Lane 2); or with CD11b+ cells purified from spleens (Lane 3) or brains (Lane 4) 
of C57BL/6 mice were screened by qRT-PCR for expression of HIF-2α relative to GAPDH. (d) HIF-2α protein expression was measured by ELISA from 
B16-ova cells cocultured with no added cells (lane 1); with dissociated brain-cell suspension (Lane 2); with CD11b+ cells purified from spleens (Lane 3) 
or brains (Lane 4). HIF-2α protein expression was also measured from B16-ova cells freshly resected from an i.c. (Lane 5) or s.c. (Lane 6) tumor.
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uncovered IFN-γ recall responses of similar magnitude to those 
against i.c. B16-ova targets (Figure 7d), suggesting that some anti-
gens are shared between the two models.

Finally, as in Figure 2a, treatment with neither VSV-GFP 
nor VSV-cDNA induced a Th17 response against the VSV either 
with, or without, IL-2Cx (Figure 7e). However, the VSV-cDNA 
combination generated a strong Th17 response against i.c.-
derived, but not s.c.-derived, B16-ova, consistent with Figure 3a. 
Coadministration of IL-2Cx enhanced the magnitude of these 
Th17 responses against i.c.-derived B16-ova targets (Figure 7e). 
Interestingly, although the Th1 responses induced by cotreatment 
of VSV-cDNA with IL-2Cx were of comparable magnitude against 
i.c. B16 and i.c. GL261 targets (Figure 7b,d), the Th17 responses 
against i.c. B16 targets were generally higher than those against 
i.c.-derived GL261 glioma targets (Figure 7e,f). As for the B16 
targets, LN/splenocytes from mice treated with VSV-cDNA either 
with, or without, IL-2Cx, did not generate recall responses to 
GL261 cells maintained in culture (Figure 7d,f).

DISCUSSION
Although systemically delivered, VSV-mediated expression of 
the non-self, foreign OVA antigen primed therapeutic T-cell 
responses against tumor within the brain, i.v. treatment with 

VSV-hgp100, targeting a fully tolerized, endogenous self-TAA, 
gave no significant therapy against i.c. B16-ova tumors (Figure 
1). However, combination with adoptive T-cell therapy could 
generate long-term cures, suggesting that targeting just a single 
weak self-TAA alone was challenging for priming/expanding 
therapeutic levels of anti-tumor T cells (Figure 1b). Therefore, 
we reasoned that an immunotherapy which targeted multiple 
different TAA on the tumor cells would raise multiple (probably 
weak) T-cell responses against a range of self-antigens, would, 
cumulatively, generate levels of anti-tumor T cells sufficient to 
impact on tumor growth. In addition, targeting multiple differ-
ent antigens would limit the ability of the cells to evolve resis-
tance against only one, or a few, T-cell responses. Consistent 
with this, we show here that i.v. treatment with the ASMEL 
VSV-cDNA library significantly extended survival of mice 
with i.c. B16-ova tumors, without targeting any foreign, non-
self-antigens in the tumor cells (Figure 1c). Treatment with the 
ASMEL acted to boost a Th17 immune response, in the pres-
ence of i.c. B16-ova tumor (Figure 2a). Interestingly, neither 
OVA, hgp100 nor GFP, when encoded by VSV, could boost this 
Th17 memory response in vitro (Figure 2a), suggesting that a 
specific set of antigens encoded within the cDNA library, in 
the context of VSV as an adjuvant, are preferentially processed 

Figure 6 Differential immunotherapy for s.c. and i.c. tumors. C57BL/6 mice bearing 5d established (a) s.c. or (b) intra-cranial B16-ova tumors 
or (c) intra-cranial B16 tumors were treated intravenously with a total of 5 × 106 pfu of the ASMEL; (VSV-N-RAS+VSV-TYRP-1+VSV-CYT-C); (VSV-
HIF2α+VSV-SOX-10+VSV-C-MYC+VSV-TYRP-1); VSV-GFP or PBS. Virus/PBS injections were administered on days 6, 8, 10; 13, 15, 17; 20, 22, 24; and 
27, 29, 31. Survival with time is shown.
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into, and presented by, a Th17 pathway of antigen presentation 
and that these proteins may be critical in generating anti-self/
tumor responses. We also consistently observed that treatment 
with VSV (in the form of the ASMEL, VSV-ova, VSV-hgp100, 

or VSV-GFP) primed a Th1 IFN-γ recall response against VSV 
antigens (Figure 2b).

LN/splenocytes from ASMEL-treated mice with i.c. B16-ova 
tumors did not secrete IL-17 (or IFN-γ) when re-stimulated in 

Figure 7 T-cell costimulation enhances VSV-cDNA therapy of i.c. tumors. (a) C57BL/6 mice bearing 5d established intra-cranial B16-ova tumors 
were treated intravenously with PBS+PBS, or with a total of 5 × 106 pfu of (VSV-HIF2α+VSV-SOX-10+VSV-C-MYC+VSV-TYRP-1)+PBS; or with 5 × 106 
pfu (VSV-HIF2α+VSV-SOX-10+VSV-C-MYC+VSV-TYRP-1)+IL-2Cx; or with 5 × 106 pfu of VSV-GFP + IL-2Cx, with virus on days 6, 8, 10, 13, 15, 17 
and IL-2Cx on days 13, 15, 17. Survival with time is shown. (b–d) Pooled LN/splenocytes (106/well) from mice bearing i.c. B16-ova tumors treated 
with VSV-GFP+IL-2Cx (A1-A4); (VSV-HIF2α+VSV-SOX-10+VSV-C-MYC+VSV-TYRP-1)+PBS (VSV-cDNA+PBS, B1-B3); (VSV-HIF2α+VSV-SOX-10+VSV-
CMYC+VSV-TYRP-1)+IL-2Cx (VSV-cDNA+IL-2Cx, C1-C5); or PBS+PBS (D1-D3) were re-stimulated in vitro with (b) freeze/thaw lysates of TC2 cells 
(white bars), or TC2 cells preinfected for 24 hours with VSV-GFP (MOI 0.1) (black bars); (c) freeze/thaw lysates of B16-ova cells freshly resected from 
s.c. (white bars) or i.c. (black bars) tumors; or (d) with freeze/thaw lysates of GL261 cells freshly resected from i.c. tumors (black bars) or cultured 
long-term in vitro (white bars). 24 hours later, the cultures were replenished with an additional 106 LN/splenocytes with a further round of re-stimu-
lation 24 after that. 48 hours following the final re-stimulation, supernatants were assayed for IFN-γ by ELISA. (e,f) The same supernatants from b–d 
were also assayed for IL-17 secretion following re-stimulation as shown.
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vitro with lysates of cultured B16-ova cells, or B16-ova tumor cells 
freshly explanted from s.c. tumors (Figures 2a,b and 3a). This 
was surprising because LN/splenocytes from mice in which s.c. 
B16-ova tumors had been cured by treatment with the ASMEL 
had a significant Th17 memory response against both the ASMEL 
and cultured B16-ova cells (Figure 3b) (reported previously27). 
Moreover, LN/splenocytes of ASMEL-treated mice cured of s.c. 
B16-ova tumors did not generate a Th17 memory recall response 
to lysates of B16-ova tumor cells recovered from the intra-cra-
nial site (Figure 3b). Therefore, these data suggested for the first 
time that neither cultured B16 cells, nor s.c. tumor B16-ova cells, 
expressed the same repertoire of antigens that were the targets of 
the in vivo Th17-cell responses that treated i.c. B16-ova tumors.

Using an in vitro assay,27,32 we identified the combination of 
VSV-HIF-2α, VSV-SOX-10, VSV-c-MYC, and VSV-TYRP-1 
(Figure 2c) as the immunologically active components of the 
ASMEL which could stimulate the Th17 recall response from LN/
splenocytes of i.c. B16-ova tumor cured, ASMEL-treated mice 
(Figure 3a). We are currently identifying the major epitopes of 
these proteins which elicit the Th17 responses in vivo and are 
testing whether these epitopes represent altered peptide ligands, 
compared to the corresponding mouse epitopes. Significantly, this 
combination of antigens was ineffective in stimulating the Th17 
recall response from LN/splenocytes of mice cured of s.c. tumors 
by the ASMEL27 (Figure 3c). Consistent with these immunologi-
cal data, both RNA and protein data showed that freshly resected 
i.c. B16-ova tumors expressed a HIF-2αHi, SOX-10Hi, c-MYCHi, 
TYRP1, N-RASlo, Cytclo phenotype, which was clearly distinct 
from the HIF-2αlo, SOX-10lo, c-myclo, TYRP1, N-RASHiCytcHi 
phenotype associated with s.c. B16-ova or in vitro cultured B16-
ova tumors (Figure 4a,b). There are almost certainly additional 
proteins which are either up-, or downregulated in i.c., compared 
to s.c., tumors but which would not necessarily be identified by 
our immunological screen. We also showed (Figure 5) that the 
induction of the HIF-2αHi phenotype of B16-ova tumors growing 
intra-cranially was associated with the local cellular, rather than 
physical (such as hypoxic) microenvironment, principally medi-
ated by brain-associated (but not splenic) CD11b+ cells. Such a 
cell-mediated mechanism of phenotype modulation is consistent 
with our observations that the HIF-2αHi, SOX-10Hi, c-MYCHi, 
TYRP1, N-RASloCytclo i.c.-associated B16-ova phenotype reverted 
with time in culture to the HIF-2αlo, SOX-10lo, c-MYClo, TYRP1, 
N-RASHiCytcHi phenotype associated with s.c. B16 or in vitro cul-
tured B16 tumors (Figure 4a,b).

The therapeutic relevance of the location-dependent differ-
ence in antigenic phenotype of B16-ova tumors was shown by the 
fact that, whereas VSV-expressed HIF-2α, SOX-10, C-MYC and 
TYRP-1 were as potently immunogenic against established i.c. 
B16-ova tumors as the intact ASMEL (Figure 6b), these viruses 
were completely ineffective against s.c. B16-ova tumors (Figure 
6a). In contrast, VSV-expressed N-RAS, CYT-C and TYRP-1 were 
highly effective against s.c. B16-ova tumors (Figure 6a)27 but gave 
no survival benefit compared to controls against i.c. B16-ova brain 
tumors (Figure 6b). The therapeutic effects observed on estab-
lished i.c. B16-ova tumors were not dependent on the expression 
of the foreign antigen ova by the tumor cells (Figure 6c). Taken 
together, these data demonstrate that the anatomical location of 

tumor profoundly affects the profile of immunogenic antigens 
which are expressed and that a treatment which is highly effective 
against a tumor growing in one location, can be completely inef-
fective against a tumor of the same histological type, but growing 
elsewhere in the body.

Finally, we showed that by treating mice with the combination 
of VSV-HIF-2α, VSV-SOX-10, VSV-c-MYC and VSV-TYRP-1, in 
combination with additional T-cell costimulation in the form of 
IL-2Cx,28 long-term cures of mice with established intra-cranial 
tumors was achieved in about 75% of mice. (Figure 7a). None 
of these mice developed overt signs of autoimmune toxicity to 
the brain as judged by weight loss or behavioral abnormalities, 
although detailed histological analysis of the brains was not per-
formed. The combination of VSV-TAA and T-cell costimulation 
induced increased (Figure 7b,c), and broader spectrum (Figure 
7d), Th1-cell responses against i.c.-associated B16-ova TAA as well 
as VSV together with an increased magnitude of Th17 responses 
against i.c.-derived tumor targets (Figure 7e,f). Moreover, there 
was significant cross reactivity of the Th1 and Th17 responses 
induced by the melanoma-derived ASMEL between i.c.-derived 
B16 melanoma and GL261 glioma targets (Figure 7e,f). These 
intriguing results suggest that an intra-cranial (HIF-2αHi) pheno-
type (Figure 4), dependent upon the CD11b+ cells of the brain 
microenvironment (Figure 5), which we observed to be induced 
in tumors of at least two different histological types (Figure 4b,c), 
may render brain tumors vulnerable to common therapeutic 
strategies independent of tumor origin.

In addition, our data that both B16 melanoma and GL261 
gliomas share a common HIF-2αHi, SOX-10Hi, c-mycHi phenotype 
suggest that it may be that the immunogenic profiles of tumors of 
different histologies, but growing in the same anatomical niche, 
may converge to some extent, raising the possibility of common 
location specific therapies for different tumor types.

Our data here are highly significant for the design of location-
specific anti-tumor therapies. It seems likely that melanomas 
growing in other critical tissue/organ sites (such as the liver) may 
also have very different profiles of antigen/immunogen expres-
sion from those in the skin or the brain, as determined by the 
respective local tissue microenvironments. Therefore, it may not 
be unrealistic to consider tumors of the same histological type, but 
which are growing in different tissue locations, as sets of different 
“quasi-immunogenic species,” similar perhaps to distinct popula-
tions of viruses which evolve in vivo from a single initiating virus 
during infection. As a result, it may be that no single “one fits all” 
therapy can be used for these different “quasi-species.” In contrast, 
each location-specific quasi-species will need to be targeted sepa-
rately by immune-, chemo- or radiation-therapies which exploit 
the specific profile of antigens expressed at the site dictated by the 
local microenvironment. Our findings also raise concerns about 
immunotherapies which rely on targeting only one, or a few, TAA. 
As well as the issue of antigen loss over time, our data suggest that 
metastatic disease at different anatomical locations may already 
have inherently different antigenic profiles. In addition, it may be 
that the immunogenic profiles of tumors of different histologies, 
but growing in the same anatomical niche, may converge to some 
extent, raising the possibility of common location specific thera-
pies for different tumor types. With regard to the current rapid 
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clinical progress in immunotherapy, it is perhaps noteworthy that 
the most promising agents to date (anti-CTLA4 and anti-PD1/
PDL1 antibodies) do not rely on any specific, defined antigens 
as their targets, thereby potentially enhancing immune reactiv-
ity against a broad spectrum of TAA, as would be presented by 
a VSV-cDNA library, expressed on the quasi-species of tumors, 
irrespective of their location.

Our data also suggest that the cell intrinsic pathways that 
promote tumor growth—including pro-growth, anti-apoptotic, 
pro-angiogenic and anti-immunogenic factors—are very different 
depending upon the site of tumor growth. Thus, HIF-2α, SOX-10 
and c-MYC are presumably critically important for tumor growth 
in the intra-cranial niche whereas N-RAS and CYT-C presumably 
provide alternative pathways for tumor growth subcutaneously. In 
this respect, it may be that the local microenvironment of a tumor 
directly imposes a niche-specific phenotype upon the tumor cells 
through, for example, the secretion of soluble factors. Alternatively, 
the location-dependent microenvironment may act upon the highly 
heterogeneous tumor population to select out a subset of pre-exist-
ing clones, which express different antigen repertoires associated 
with optimal growth in different niches (s.c. or intra-cranial). The 
HIF-2αHi, SOX-10Hi, c-MYCHi, TYRP1, N-RASloCytclo i.c.-associ-
ated B16-ova phenotype was transient, and reverted in culture to 
the HIF-2αlo, SOX-10lo, c-MYClo, TYRP1, N-RASHiCytcHi pheno-
type. This suggests that the imposition of the i.c. phenotype was 
effected through an epigenetic mechanism, rather than through 
selection of genetically stable sub-populations of tumor cells which 
then populate a tumor growing intra-cranially. However, it may 
still be that the s.c. in vitro dominant clone(s) of B16-ova, which 
are optimally adapted for growth s.c. or on plastic, are still car-
ried as sub-populations in i.c. tumors and can then become re-
selected for dominance in vitro. Characterization of these different 
mechanisms will be possible using genetically marked populations 
of B16-ova cells.32 Whatever the mechanisms, identifying niche-
specific patterns of tumor antigen expression, through technolo-
gies such as gene profiling, or VSV-cDNA screening, will uncover 
new sets of potential targets for therapies against location-specific 
“quasi-species” of tumors.

In summary, we show here that a VSV-cDNA library generates 
immune re-activities against a range of weak self-tumor associated 
antigens which are cumulatively strong enough to treat intra-cra-
nial melanomas. However, the immunogens, which are the targets 
of those T-cell responses, are very different in B16-ova tumors 
growing intra-cranially compared to the same B16-ova tumor 
cells growing subcutaneously. These findings have important 
implications for the design of tumor-type, but location-specific, 
therapies. In addition, they suggest that it may also be possible to 
design therapies which are themselves specific for tumors across 
histological types but growing in a common location.

MATERIALS AND METHODS
Cell lines. Murine B16 cells (American Type Culture Collection, Manassas, 
Va.) were grown in Dulbecco’s modified Eagle’s medium (DMEM; Life 
Technologies, Carlsbad, CA) supplemented with 10% (v/v) fetal calf serum 
(FCS; Life Technologies) and L-glutamine (Life Technologies). B16-ova 
melanoma cells (H2-Kb) were derived from B16 cells transduced with a 
cDNA encoding the chicken ovalbumin gene.37 B16-ova cells were grown 

in the same medium as B16 cells but supplemented with 5 mg/ml G418 
(Mediatech, Manassas, VA) to select for retention of the ova gene. All cell 
lines were routinely monitored and found to be free of Mycoplasma infec-
tion. TRAMP-C2 (TC2) cells are derived from a prostate tumor that arose 
in a TRAMP mouse (H-2kb)38 and were characterized by Dr Esteban Celis. 
TC2 cells grow in an androgen-independent manner and are routinely 
grown as tumors in C57BL/6 male mice.20

Mice. C57BL/6 mice (Thy 1.2+) were purchased from The Jackson 
Laboratory (Bar Harbor, ME) at 6–8 weeks of age. Pmel-1 transgenic mice 
(C57BL/6 background) express the Vα1/Vβ13 T-cell receptor that recog-
nizes amino acids 25–33 of gp100 of pmel-17 presented by H2-Db MHC 
class I molecules.39 Pmel-1 breeding colonies were purchased from The 
Jackson Laboratory at 6–8 weeks of age.

Viruses. The ASMEL VSV-cDNA library was generated as described pre-
viously.21,27 Briefly, cDNA from two human melanoma cell lines, Mel624 
and Mel888, was pooled, cloned into the pCMV.SPORT6 cloning vector 
(Invitrogen, Grand Island, NY) and amplified by PCR. The PCR ampli-
fied cDNA molecules were size fractionated to below 4 kbp for ligation 
into the parental VSV genomic plasmid pVSV-XN240 between the G and 
L genes. The complexity of the ASMEL cDNA library cloned into the 
VSV backbone plasmid between the Xho1-Nhe1-sites was 7.0 × 106 colony 
forming units. Virus was generated from BHK cells by cotransfection of 
pVSV-XN2-cDNA library DNA along with plasmids encoding viral genes 
as described in ref. 40. Virus was expanded by a single round of infection of 
BHK cells and purified by sucrose gradient centrifugation. VSV-GFP, VSV-
ova, and VSV-hgp100 were described previously.30,40

In vivo studies. All procedures were approved by the Mayo Foundation 
Institutional Animal Care and Use Committee. To establish s.c. tumors, 
5 × 105 B16-ova tumor cells in 100 μl of PBS were injected into the flanks of 
C57BL/6 mice (7–8 mice per treatment group unless stated otherwise). To 
establish i.c. brain tumors, 5 × 104 B16or B16-ova cells were injected stereo-
tactically (1 mm anterior and 2 mm lateral to the bregma) using a syringe 
bearing a 26G needle 2.5 mm into the brains of C57BL/6 mice. Virus or 
PBS control (100 μl) was administered intravenously following tumor 
establishment (day 5 after cell implantation) and occurred every other day 
as dictated by the specific study.

Naive Pmel-1 T cells were isolated from the spleens and lymph 
nodes of pmel-1 transgenic mice. Single-cell suspensions were prepared 
by crushing tissues through a 100 μm filter and red blood cells were 
removed by incubation in ACK buffer (sterile distilled H2O containing 
0.15 mol/l NH4Cl, 1.0 mmol/l KHCO3, and 0.1 mmol/l EDTA adjusted 
to pH 7.2–7.4) for 2 minutes. CD8+ T cells were isolated using the MACS 
CD8α (Ly-2) microbead magnetic cell sorting system (MiltenyiBiotec, 
Auburn, CA). For adoptive transfer experiments, mice were intravenously 
administered naive (1 × 106 total cells in 100 μl PBS) Pmel-1 cells after 
tumor establishment. Mice were examined daily for overall health as well 
as changes in whisker and coat pigmentation. For s.c. tumors, tumor sizes 
were measured three times weekly using calipers and were euthanized 
when tumor size was approximately 1.0 cm × 1.0 cm in two perpendicular 
directions.

IL-2Cx,28 a conjugate of murine IL-2 (2 µg/mouse) (Peprotech, 
Rocky Hill, NJ) preincubated in vitro with anti-mouse IL-2 Ab (10 µg per 
mouse) (BioXCell, West Lebanon, NH) at 4 °C for 18 hours, was injected 
intravenously in 100 µl PBS to enhance T-cell costimulation in vivo.

Quantitative RT-PCR. Tumors were immediately excised from euthanized 
mice and dissociated in vitro to achieve single-cell suspensions. RNA 
was extracted from cells using the QiagenRNeasy kit (Qiagen, Valencia, 
CA). cDNA was made from 1 μg total cellular RNA using the First Strand 
cDNA Synthesis Kit (Roche, Indianapolis, IN). A cDNA equivalent of 
1 ng RNA was amplified by PCR with gene-specific primers to test for the 
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expression of HIF2α (5′-ATGACAGCTGACAAGGAGAAGAA-3′ and  
5′-TCTGACAGAAAGATCATGTCGC-3′) c-myc (5′-ATGCCCCTCAAC 
GTTAGCTTCACC-3′ and 5′-CGGGGTTCGGGCTGCCGCTGTCT-3′), 
TYRP-1 (5′-ATGAGTGCTCCTAAACTCCTCTCTCT-3′and 5′-GTATT 
GTCTATTATGTCCAATAGG-3′), NRAS (5′-ATGACTGAGTACAAACT 
GGT-3′ and 5′-CTATTATTGATGGCAAATACA-3′) and cyt-c (5′-ATG 
ATGGCGTCGGCGGTGCTG-3′ and 5′-AAGGGCTTGGTCCTGATGC 
GC-3′). Expression of mGAPDH was used as a positive control/ref-
erence gene for expression of genes being quantified by qRT-PCR. 
mGAPDH sense: TCATGACCACAGTCCATGCC, mGAPDH anti-
sense: TCAGCTCTGGGATGACCTTG. qRT-PCR was carried out using 
a LightCycler480 SYBRGreen Master kit and a LightCycler480 instru-
ment (Roche) according to the manufacturer’s instructions. Typically, 
RNA was prepared from equal numbers of cells from each sample (usu-
ally 5,000 cells) and reverse transcribed as described above. PCR (prim-
ers at 0.5 µmol/l) was run with diluted cDNA samples (neat, 1:10, 1:100, 
1:1,000). GAPDH amplification was used as a control for equal loading of 
target cDNAs. The threshold cycle (Ct) at which amplification of the target 
sequence was detected and used to compare the relative levels of mRNA 
between samples. Relative quantities of the target gene mRNA were nor-
malized with Ct of GAPDH amplification.

In vitro splenic T-cell reactivation and ELISA for IFN-γ/IL-17/HIF-2α. 
Spleens and lymph nodes were immediately excised from euthanized 
mice and dissociated in vitro to achieve single-cell suspensions. Red blood 
cells were lysed with ACK lysis buffer for 2 minutes as described above. 
Cells were re-suspended at 1 × 106 cells/ml in Iscove’s modified Dulbecco’s 
medium (IMDM; Gibco, Grand Island, NY) + 5% FBS + 1% Pen-Strep 
+ 40 μmol/l 2-ME. Supernatants were harvested from 1 × 106 LN/sple-
nocytes previously stimulated with virus stocks as described in the text, 
with the H-2Kb-restricted peptide, ova257–264: SIINFEKL peptide (2.5 μg/
ml) and/or with freeze thaw lysates from tumor cells in triplicate, every 24 
hours for 3 days. 48 hours later, cell-free supernatants were collected and 
tested by ELISA for IL-17 (R&D Systems, Minneapolis, MN) or IFN-γ (BD 
Biosciences, San Jose, CA). HIF-2α protein was measured using a sand-
wich enzyme immunoassay as per the manufacturer’s instructions (USCN 
Life Sciences, Houston, TX).

Virus re-stimulation of lymph nodes (LN)/splenocytes. Pooled LN/spleno-
cytes (1 × 106/well) from previously treated mice were re-stimulated in vitro 
with nothing, ~1 × 106 pfu of virus stocks (ASMEL or VSV-ova), freeze/
thaw lysates of tumor cells, or with the ova-specific SIINFEKL peptide (2.5 
μg/ml). 24 hours later, the cultures were replenished with an additional 106 
LN/splenocytes with a further round of virus infection/re-stimulation 24 
after that. 48 hours following the final re-stimulation supernatants were 
assayed for IL-17 or IFN-γ by ELISA.

In vitro tumor-cell/brain-cell suspension cocultures. B16-ova cells 
(1 × 105/well) were cocultured with PBS, lysate from dissociated brain cells, 
freeze/thawed ×3 (equivalent of 1 × 106 cells per well), or with 1 × 106 cells/
well from dissociated, but intact mouse brains. 24 and 48 hours later fur-
ther PBS, freeze/thawed lysate or brain cell suspensions were added to the 
wells. 24 hours later, cultures were washed three times with PBS, cDNA 
prepared and screened by qRT-PCR for expression of HIF-2α relative to 
GAPDH. Brain-cell suspensions were depleted for immune cell types by 
24 hours incubation with depleting antibodies. CD11b+ cells (1 × 105/well) 
were purified from brain-cell suspensions of multiple mouse brains using 
CD11b microbeads (Miltenyi Biotech, Auburn, CA) as directed by the 
manufacturer.

Western blotting. Proteins were resolved by SDS-PAGE using 10% Tris-
glycine precast gels gel (Bio-rad, Hercules, CA). Following electrophoresis, 
proteins were transferred onto nitrocellulose membranes and blocked in 
PBS with 0.05% Tween-20 (PBS-T) and 5% milk. The membranes were 
probed using primary antibodies to c-myc (eBioscience, San Diego, CA) 

or N-RAS (Thermo Scientific, Waltham, MA) or β-actin (Sigma, St. Louis, 
MO) prepared in PBS-T with 3% milk. After several washes in PBS-T, 
the blots were incubated with respective secondary antibodies linked to 
horseradish peroxidase (GE healthcare, Piscataway, NJ) in PBS-T with 1% 
milk. The blots were washed in PBS-T, and proteins were detected using 
enhanced chemiluminescence substrate (Thermo Scientific).

Statistics. Survival data from the animal studies were analyzed by the log-
rank test using GraphPad Prism 5 (GraphPad Software, La Jolla, CA). Two-
sample, unequal variance Student’s t-test analysis was applied for in vitro 
data. Statistical significance was determined at the level of P < 0.05.
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