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Glioblastoma multiforme (GBM) is a primary brain tumor 
with a median survival of 14.6 months postdiagnosis. 
The infiltrative nature of GBM prevents complete resec-
tion and residual brain tumor cells give rise to recurrent 
GBM, a hallmark of this disease. Recurrent GBMs are 
known to harbor numerous mutations/gene rearrange-
ments when compared to the primary tumor, which 
leads to the potential expression of novel proteins that 
could serve as tumor neoantigens. We have developed a 
combined immune-based gene therapeutic approach for 
GBM using adenoviral (Ads) mediated gene delivery of 
Herpes Simplex Virus Type 1-thymidine kinase (TK) into 
the tumor mass to induce tumor cells’ death combined 
with an adenovirus expressing fms-like tyrosine kinase 
3 ligand (Flt3L) to recruit dendritic cells (DCs) into the 
tumor microenvironment. This leads to the induction of 
specific anti-brain tumor immunity and immunological 
memory. In a model of GBM recurrence, we demon-
strate that Flt3L/TK mediated immunological memory is 
capable of recognizing brain tumor neoantigens absent 
from the original treated tumor. These data demonstrate 
that the Flt3L/TK gene therapeutic approach can induce 
systemic immunological memory capable of recognizing 
a brain tumor neoantigen in a model of recurrent GBM.
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Introduction
Glioblastoma multiforme (GBM) is the most frequently diag-
nosed primary brain tumor in adults and is accompanied by 
a dismal prognosis. The current clinical management of GBM 
patients involves resection of the brain tumor mass, followed 
by radiotherapy and/or treatment with the chemotherapeutic 

agent temozolomide. The highly infiltrative nature of GBM into 
the normal brain parenchyma prevents its complete resection. 
Residual brain tumor cells invariably give rise to recurrent GBM 
that ultimately lead to the patient’s death. With recent therapeutic 
advances, most notably the inclusion of temozolomide as stan-
dard of care for GBM, the current median survival has increased 
to 14.6 months (ranging 13.2–16.8 months) postdiagnosis while 
the 2 year survival rate remains at <30%.1,2

Immunotherapeutic strategies for GBM are currently under 
evaluation in preclinical animal models and in human clinical tri-
als.3–17 The brain is an immune privileged organ with a paucity of 
dendritic cells (DCs), a population of powerful antigen presenting 
cells.18 The rationale underlying immunotherapeutic approaches 
is to elicit anti-brain tumor specific immune responses able to 
recognize and destroy the macroscopic tumor mass and infil-
trating brain tumor cells, thus preventing or delaying tumor 
recurrences.19

Some examples of immunotherapeutic approaches currently 
under evaluation in clinical trials are direct vaccination with pep-
tides derived from EGFRvIII,16,17 a tumor antigen which is expressed 
in ~30% of human GBM patients,20,21 vaccination with DCs pulsed 
with EGFRvIII,4,6–8 or vaccination with DCs pulsed ex vivo with 
autologous tumor lysates.3,10,12,15,22,23 These therapeutic approaches 
are designed to facilitate the presentation of specific tumor anti-
gens to naive T cells, thereby inducing the proliferation of cytotoxic 
T cells specific for brain tumor antigens. However, the heterogene-
ity of malignant glioma may curtail the effectiveness of vaccination 
strategies that target a restricted set of tumor antigens.16

In addition to the highly infiltrative nature and the hetero-
geneity of GBM, another obstacle to the efficacious treatment 
of brain tumors is their high mutation rate. This phenomenon 
was recently highlighted in two studies that demonstrated an 
altered tumor phenotype following treatment with either bevaci-
zumab,24 a monoclonal antibody to vascular endothelial growth 
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factor, or with PEPvIII, an EGFRvIII-targeted peptide vaccine.16 
Furthermore, there is evidence that the expression levels of numer-
ous genes are altered in recurrent GBM tumors, i.e., the tumor 
suppressor gene TP53, the cellular oncogene MDM2, EGFR, and 
the mismatch repair gene MSH2.25 Finally, a recent analysis of 
GBM tissue from patient samples postchemotherapy revealed the 
presence of mutations in the mismatch repair gene MSH6, which 
are selected during temozolomide therapy and are causally associ-
ated with temozolomide resistance.26,27

In an attempt to address some of the therapeutic challenges 
imposed by GBM, we have developed an immunotherapeutic 
approach in which a combination gene therapy is delivered directly 
to the tumor mass to both kill brain tumor cells and concomitantly 
prime an immune response against brain tumor antigens.28–33 To 
do so, we engineered two, first generation adenoviral vectors (Ads) 
encoding either Herpes Simplex type-1 thymidine kinase (TK),30,34 
a conditionally cytotoxic gene which kills proliferating tumor cells 
in the presence of the pro-drug ganciclovir (GCV), or human sol-
uble fms-like tyrosine kinase 3 ligand (Flt3L),35 which results in 
increased levels of DCs in the brain tumor microenvironment in 
mice28,36 and rats.30,35,37 Using bone marrow chimeric mice bearing 
orthotopic syngeneic GL26 tumors, we demonstrated that Flt3L/
TK gene therapy results in the infiltration of bone marrow-derived 
DCs into the brain tumor microenvironment.28

In this combined gene therapy approach, rather than vac-
cinating against specific tumor antigens, we aim to recruit DCs 
into the brain tumor mass where they will undergo in situ prim-
ing against brain tumor antigens. We have previously shown that 
codelivery of Ad-Flt3L and Ad-TK into a large brain tumor mass 
induces both cellular and humoral anti-GBM specific immune 
responses,28,29,32,33 leading to long-term survival of rats bearing 
intracranial CNS1, 9L, and F98 tumors,30,33 and in mice bearing 
intracranial GL26, GL261, and B16-F10 tumors.28,32 Importantly, 
Ad-Flt3L + Ad-TK induces GBM-specific immunological mem-
ory that eliminates distal, untreated brain tumor foci in an intrac-
ranial multifocal rat brain tumor model38 and protects against 
brain tumor rechallenge in orthotopic rat and mouse models of 
recurrent GBM.28,33,38,39

Herein, we wished to test the hypothesis that Flt3L/TK medi-
ated gene therapy induces immunological memory capable of 
recognizing a novel antigen that was absent from the origi-
nally treated brain tumor. To do so, we engineered the rat brain 
tumor cell line CNS1 to stably express the influenza glycopro-
tein hemagglutinin (HA) as a surrogate tumor neoantigen.40 
Rats bearing syngeneic orthotopic brain tumors derived from 
wild-type CNS1 cells were treated with Flt3L/TK gene therapy. 
Two months later, long-term survivors were rechallenged with 
CNS1-HA cells not treated in any way. Even though the primary 
brain tumors treated with Flt3L/TK gene therapy did not express 
HA, our data reveal the presence of HA specific T lymphocytes 
in the animals rechallenged with CNS1-HA tumor cells in the 
absence of treatment. These data demonstrate that Flt3L/TK 
induces brain tumor specific immunological memory which 
is also capable of detecting and mounting a specific immune 
response against a brain tumor neoantigen. These experiments 
highlight the effectiveness of the proposed approach to elicit 
regression of recurrent GBM.

Results
Characterization of the CNS1-HA cell line  
and intracranial tumor model
The CNS1-HA cell line was assessed for expression of the fluo-
rescent protein Venus and the influenza protein HA by immuno-
cytochemistry using a custom-made polyclonal primary antibody 
specific for HA (1:1,000) generated and described by us previ-
ously.41 Immunocytochemistry followed by immunofluoresence 
revealed that CNS1-HA cells express Venus (green) and HA (red) 
proteins (Figure 1a). Western blot analysis confirmed high levels 
of HA expression from CNS1-HA cells and a lack of HA expres-
sion from wild-type CNS1 cells (Figure 1b). In vitro (Figure 1c) 
analysis did not reveal a difference in the levels of cell proliferation 
of CNS1-HA cells compared to CNS1 cells. Also our in vivo results 
show that both intracranial brain tumors are approximately the 
same size at the time of treatment (Figure  1d–f). Intracranial 
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Figure 1  In vitro and in vivo characterization of CNS1-HA cells. 
(a) CNS1-HA cells were analyzed by immunocytochemistry with a pri-
mary antibody specific for hemagglutinin (HA) (red). Venus fluorescence 
(green) was used to identify the tumor cells. (b) Western blot analysis of 
CNS1 cells or CNS1-HA cells labeled with a primary antibody specific for 
HA, or β-actin as an internal loading control. (c) In vitro cell growth rates 
of CNS1 and CNS1-HA rat glioblastoma multiforme cells (n = 3 wells per 
group). Cells (2,000) were seeded on day 0, and cells were harvested 
and counted every third day for up to 12 days. (d–e). To assess in vivo 
growth characteristics, (d) CNS1 wild type or (e) CNS1-HA cells were 
implanted into the striatum of Lewis rats. Nine days later, animals were 
euthanized and brains were fixed, sectioned and stained with NissI to 
identify the intracranial brain tumor mass. (f) The volume of intracranial 
tumors was quantitated. (g) Immunofluoresence was used to analyze 
the co-localization of tumor cells (identified by Venus fluorescence) and 
MHC I (red). White arrows indicate tumors cells which colocalize with 
MHC I immunoreactivity. MHC, major histocompatibility complex.
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tumors derived from CNS1-HA cells formed a large tumor mass 
that exhibited widespread expression of major histocompatibility 
complex (MHC)-I (Figure 1g). To assess whether MHC II expres-
sion can be upregulated in CNS1-HA tumor cells in response to 
the therapy, or is restricted to tumor infiltrating immune cells, 
Lewis rats bearing intracranial CNS1-HA tumors were treated 
with either Ad-Flt3L+Ad-TK, or saline. Immunofluorescence 
staining followed by confocal microscopy analysis revealed that 
MHC II expression did not colocalize with CNS1-HA cells in 
either saline or Ad-Flt3L+Ad-TK treated animals (Figure 2a–d). 
Furthermore double labeling immunofluoresence with markers 
for activated macrophages/microglia (Iba1, Figure  2e–h) or B 
cells and plasmacytoid DCs (CD45R, Figure 2i–l) demonstrates 
that MHC II immunoreactivity is colocalized with tumor infiltrat-
ing immune cells in both saline or Ad-Flt3L+Ad-TK treated ani-
mals. These data indicate that MHC II expression is not induced 
in brain tumor cells in response to the treatment.

Flt3L/TK gene therapy in the syngeneic CNS1-HA 
GBM model induces tumor regression and an HA 
specific immune response
Given that we have previously shown that treatment of Lewis 
rats bearing intracranial syngeneic wild-type CNS1 tumors with 

Ad-Flt3L and Ad-TK results in brain tumor regression and long-
term survival,29,30,33,38,39 we wished to assess whether Flt3L/TK gene 
therapy could elicit an immune response to a specific tumor anti-
gen, i.e., HA used as a surrogate tumor antigen when expressed 
in CNS1 cells (Figure 3a). Figure 3b demonstrates that delivery 
of Ad-Flt3L and Ad-TK into CNS1-HA tumors leads to ~60% 
long-term survival. Five days after Flt3L/TK treatment of Lewis 
rats bearing either intracranial CNS1-HA tumors (Figure 3c), or 
wild-type CNS1 tumors (Figure  3d), splenocytes were isolated 
and used for an interferon (IFN)-γ ELISPOT to assess the specific-
ity of T lymphocyte precursors in both tumor models. ELISPOT 
analysis revealed that both tumor models displayed an increase in 
the frequency of IFN-γ secreting T lymphocyte precursors when 
stimulated with either wild-type CNS1 or CNS1-HA cell lysates. 
Figure  3c,d reveals that only Flt3L/TK treated animals bearing 
CNS1-HA tumors exhibit evidence of an increase in the frequency 
of HA specific T lymphocyte precursors. Figure 3e,f reveal that 
treatment of intracranial brain tumors with Flt3L/TK gene ther-
apy does not induce the production of circulating anti-TK anti-
bodies (Figure  3e) or anti-adenovirus neutralizing antibodies 
(Figure  3f), thus suggesting tumor regression is a result of an 
anti-GBM immune response rather than by an immune response 
against Ad capsid proteins or transgene products.

Anti-GBM immunological memory protects  
animals from rechallenge with GBM cells  
expressing a surrogate neoantigen
We have previously shown that rats bearing intracranial CNS1 
tumors survive long-term when treated with Flt3L/TK gene 
therapy; importantly long-term survivors exhibit immuno-
logical memory that confers protection from rechallenge with 
CNS1 tumor cells implanted in the contralateral hemisphere,39 
or in the periphery.33 To determine whether Flt3L/TK mediated 
immunological memory would also be capable of recognizing a 
brain tumor neoantigen, CNS1-wild type tumor bearing animals 
treated with Ad-Flt3L and Ad-TK that survived long-term were 
rechallenged with CNS1-HA cells in the contralateral hemisphere 
(Figure  4a). Long-term survivors rechallenged with CNS1-HA 
cells displayed long-term survival in 40% of the rechallenged ani-
mals (Figure 4b). Cellular immunity against brain tumor cells was 
also assessed using the delayed type hypersensitivity (DTH) reac-
tion in the rechallenged long-term survivors (Figure  4c). DTH 
testing was performed ~2 months after CNS1-HA rechallenge 
of long-term survivors bearing wild-type CNS1 primary brain 
tumors. Rechallenged animals developed a strong DTH reaction, 
detected at 48 hour after injection of irradiated CNS1 cell lysates 
in the ear (Figure 4c) indicating the presence of brain tumor spe-
cific memory T cells. Animals surviving 60 days after the rechal-
lenge with CNS1-HA cells were euthanized and their brains were 
analyzed by immunohistochemistry for tumor cells and mark-
ers of immune cells. A lack of gross neurotoxicity in either brain 
hemisphere with minimal levels of immune cells was observed 
in long-term survivors rechallenged with CNS1-HA tumor cells 
(Figure 4d).

As a control, we also performed the converse experiment, 
i.e., Flt3L/TK gene therapy treatment of primary brain tumors 
derived from CNS1-HA cells followed by rechallenging the long-
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Figure 2  Intratumoral MHC II expression is restricted to tumor infil-
trating immune cells and microglial cells. Brain sections from CNS1-HA 
tumor bearing rats treated with either saline or Ad-Flt3L+Ad-TK were 
analyzed by double labeling immunofluoresence followed by confocal 
microscopy. (a–d) MHC II immunoreactivity was visualized using a pri-
mary antibody specific for MHC II (red) and tumor cells were identified 
by Venus expression (green). 4′,6-diamidino-2-phenylindole (DAPI) was 
used to stain nuclei. (e–h) Brain sections were labeled for MHC II (red) 
and activated macrophages/microglia (Iba1, white). Tumor cells were 
identified by Venus expression (green). DAPI was used to stain nuclei. 
(i–l) Brain sections were labeled for MHC II (red) and B cells and plasma-
cytoid dendritic cells (CD45R, white). Tumor cells are identified by Venus 
expression (green). DAPI was used to stain nuclei. White arrows indicate 
MHC II immunoreactive cells that colocalize with either Iba1 or CD45R 
immunoreactivity. Bar = 18.75 μm. Flt3L, fms-like tyrosine kinase 3 ligand; 
MHC, major histocompatibility complex; TK, thymidine kinase.
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term survivors with CNS1 wild type cells in the contralatereral 
hemisphere (Figure 5a). Long-term survivors rechallenged with 
CNS1 wild type cells displayed high levels of long-term survival 
(Figure  5b). These data demonstrate that Flt3L/TK treatment 
of CNS1-HA tumors results in not only an HA specific immune 
response as demonstrated in (Figure 3c), but also a brain tumor 
specific immune response. These data suggest that while highly 

immunogenic, expression of HA in the primary brain tumor does 
not prevent the immune system from establishing an immune 
response against less immunodominant epitopes contained in 
the brain tumor. DTH testing of rechallenged animals revealed 
the presence of brain tumor specific memory T cells (Figure 5c). 
Animals surviving 60 days after the rechallenge with CNS1 wild 
type cells were euthanized and their brains were analyzed by 
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Figure 3  Intratumoral administration of Ad-Flt3L and Ad-TK induces an expansion of IFN-γ secreting T lymphocyte precursors specific for 
both tumor cells and also a neo-brain tumor antigen. (a). CNS1-HA cells or CNS1 wild type cells were implanted into the striatum of Lewis rats. 
Ten days later, animals received an intratumoral injection of Ad-Flt3L + Ad-TK, or saline (n = 4–5). Ganciclovir (GCV) was administered via intraperi-
toneal injection for 7 days and animals were assessed for survival, or euthanized 5 days later for ELISPOT analysis or 7 days later for antibody analysis. 
(b) Kaplan–Meier curve depicting survival of tumor bearing rats treated with Ad-Flt3L and Ad-TK, or saline. *P < 0.05 versus saline, Mantel log-rank 
test. A subset of animals bearing (c) CNS1-HA or (d) CNS1 wild type tumors (n = 4/cohort) were euthanized 5 days post-treatment and splenocytes 
were isolated to quantitate the frequency of IFN-γ-secreting T lymphocyte precursors specific for CNS1 or CNS1-HA brain tumor cells, or HA by 
IFN-γ ELISPOT. Splenocytes from each experimental group were stimulated with either CNS1 cell lysates, CNS1-HA cell lysates, or HA pure protein. 
Concanavalin A stimulation of splenocytes was used as a control in lieu of stimulation with tumor cells extracts or hemagglutinin (HA) protein. 
*P < 0.05 versus saline from same stimuli group, Student’s t-test. (e, f) Animals bearing CNS1 wild type brain tumors were euthanized 7 days post 
gene therapy treatment to assess for circulating anti-TK antibodies and anti-adenovirus neutralizing antibodies. As controls animals were also treated 
with an intratumoral injection with either Ad-TK alone, Ad-0, or saline. (e) The incidence of anti-TK antibodies are shown. The titer of Anti-TK antibod-
ies is represented as the % change in signal intensity from sera incubated with cell lysates from Ad-TK infected cells when compared to mock infected 
cells. Samples were considered positive when the % change was ≥25%; this threshold is indicated by the dashed line. Positive and negative assay 
controls are also shown, (Pos. Ctrl. and Neg. Ctrl, respectively).(f) The prevalence of anti-adenovrius neutralizing antibodies are shown. Neutralizing 
antibody titer for each animal is reported as the reciprocal of the highest dilution of serum at which 50% of Ad-hCMV-lacZ transduction is inhibited 
(Pos. Ctrl. and Neg. Ctrl, respectively). Flt3L, fms-like tyrosine kinase 3 ligand; IFN, interferon; TK, thymidine kinase.
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immunohistochemistry for the presence of residual tumor cells 
and markers of immune cells. Figure  5d reveals a lack of gross 
neurotoxicity with minimal levels of immune cells in either brain 
hemisphere. Minor immunoreactivity for vimentin was noted in 
the contralateral hemisphere; however, a detailed analysis of the 
cell morphology suggests these cells are reactive astrocytes, rather 
than tumor cells.

Flt3L/TK gene therapy-mediated anti-brain  
tumor immunological memory induces memory  
T cells which release IFN-γ in response to a surrogate 
tumor neoantigen
We have previously demonstrated that Flt3L/TK treatment of 
primary CNS1 brain tumors in rats39 and GL26 brain tumors in 

mice28 leads to immunological memory that protects long-term 
survivors from GBM rechallenge. To assess whether Flt3L/TK 
mediated immunological memory is able to adapt and detect 
a brain-tumor neoantigen, we treated primary brain tumors 
derived from CNS1 wild type cells with Flt3L/TK gene therapy 
followed by rechallenging the long-term survivors with either 
CNS1-HA (Figure 6a) or CNS1 wild type cells (Figure 6c) in the 
contralatereral hemisphere. Animals were euthanized 7 days after 
rechallenge and splenocytes were used to quantitate the levels of 
T lymphocyte precursors specific for either tumor cells, or for 
the surrogate brain tumor neoantigen HA. When animals bear-
ing primary CNS1 wild type tumors were treated with Flt3L/TK 
gene therapy and then rechallenged with CNS1-HA tumor cells, 
we detected an increase in IFN-γ-secreting T lymphocyte precur-
sors specific for either CNS1 cells or CNS1-HA cells, and also 
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Figure 4 R ats bearing intracranial CNS1 brain tumors treated with 
Ad-Flt3L and Ad-TK survive rechallenge with CNS1-HA cells. (a) CNS1 
cells were implanted into the striatum of Lewis rats. Ten days later, ani-
mals received an intratumoral injection of Ad-Flt3L + Ad-TK. Ganciclovir 
(GCV) was administered via intraperitoneal injection for 7 days. Sixty days 
later, animals surviving long-term were rechallenged with CNS1-HA cells 
in the contralateral hemisphere. No further treatment was administered. 
Naive animals were implanted with CNS1-HA cells to control for cell 
viability (n = 4–5). Animals were monitored for survival and underwent 
delayed type hypersensitivity (DTH) testing 4 days before euthanasia. (b) 
Kaplan–Meier curve depicting survival of tumor bearing rats rechallenged 
with CNS1-HA cells or naive rats implanted with CNS1-HA cell as a con-
trol. *P < 0.05, Mantel log-rank test. (c) DTH testing was performed in 
long-term survivors 4 days before euthanasia. Irradiated CNS1 cells were 
injected intradermally into the pinna of the right ear, and the left pinna 
received saline. The thickness of the pinna was recorded with slide cali-
pers after 4, 24, and 48 h. *P < 0.05 versus saline ear (randomization test). 
(d) Neuropathological analysis of the brain at 60 days after rechallenge. 
CD8, CD8α+ cytotoxic T cells; CD68, macrophages/activated microglia; 
Flt3L, fms-like tyrosine kinase 3 ligand; MHC, major histocompatibil-
ity complex; TK, thymidine kinase; vimentin, tumor cells and reactive 
astrocytes.
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(d) Neuropathological analysis of the brain at 60 days after rechallenge. 
CD8, CD8α+ cytotoxic T cells; CD68, macrophages/activated microglia; 
Flt3L, fms-like tyrosine kinase 3 ligand; HA, hemagglutinin; MHC, major 
histocompatibility complex; TK, thymidine kinase; vimentin, tumor cells 
and reactive astrocytes.
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specific for HA (Figure 6b). Since the primary tumor treated with 
Flt3L/TK was not derived from brain tumor cells expressing HA, 
these data demonstrate that Flt3L/TK mediated immunological 
memory is able to detect and mount a specific immune response 
against a surrogate brain tumor neoantigen. As a control, when 
long-term survivors were rechallenged with CNS1 wild-type cells 
without further treatment, we failed to detect an increase in IFN-
γ-secreting T lymphocyte precursors specific HA (Figure 6d).

Discussion
Brain tumor immunotherapy clinical trials using direct vacci-
nation with peptides derived from a GBM-specific antigen, i.e., 
EGFRvIII, vaccination with autologous DCs pulsed with either 
brain tumor restricted epitopes (i.e., EGFRvIII) or the patient’s 
tumor cell lysates have shown them to be clinically safe and well 
tolerated. Experimental evidence from several clinical trials has 
shown that brain tumor immunotherapies elicit antitumor cellu-
lar and humoral immune responses.3,6,7,10,12,15,16,22,23

We have previously shown that intratumoral delivery of Flt3L/
TK gene therapy induces brain tumor specific cellular immune 
responses in syngeneic orthotopic mouse28,32 and rat models of 
GBM,33 and both cellular and humoral immune responses in 
a syngeneic ectopic rat model of GBM.33 We demonstrated that 
intratumoral delivery of Ad vectors encoding Flt3L and TK medi-
ates in situ vaccination against brain tumor antigens which leads 
to long-term survival28–30,33 and immunological memory28,33,38,39 in 

tumor bearing animals. Rats and mice bearing orthotopic brain 
tumors treated with Ad-TK alone, Ad-Flt3L alone, or Ad-0 did 
not exhibit significantly improved survival;28,30 these animals suc-
cumbed to tumor burden at the same time as the saline treated 
animals supporting that treatment with Ad-TK alone does not 
elicit antitumor immune responses in our model. Tumor regres-
sion in the Ad-TK treated animals is elicited mainly by the tumor 
killing activity of this arm of the therapy. We previously demon-
strated that inducing anti-GBM immune responses in this fashion 
elicits a specific response against specific brain tumor antigens, 
i.e., Trp2.28,32 Furthermore, we have shown that Flt3L/TK gene 
therapy induces immunological memory capable of recognizing 
and eliminating brain tumor cells implanted in the contralateral 
hemisphere.39

We now wished to test the hypothesis that intratumoral deliv-
ery of Flt3L/TK could provide surveillance against potential novel 
brain tumor neoantigens months after the initial gene therapy. To 
assess this, we used HA as a surrogate brain tumor neoantigen 
expressed in CNS1 cells, which are syngeneic in Lewis rats. Results 
from experiments in rats bearing wild-type CNS1 primary tumors 
treated with Flt3L/TK in which long-term survivors were rechal-
lenged with CNS1-HA cells, and received no further treatment, 
show that the rechallenged animals survived the second tumor 
expressing the neoantigen, i.e., HA. Analysis of the frequency of 
IFN-γ secreting T lymphocytes in these animals reveals a high 
frequency of T cells specific for HA, thus providing experimental 
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Figure 6  Ad-Flt3L and Ad-TK treated long-term survivors rechallenged with CNS1-HA tumor cells exhibit an expansion of IFN-γ secreting 
T  lymphocyte precursors specific for hemagglutinin (HA). CNS1 cells were implanted into the striatum of Lewis rats. Ten days later, animals 
received an intratumoral injection of Ad-Flt3L + Ad-TK, or saline. Ganciclovir (GCV) was administered via intraperitoneal injection for seven days and 
animals were assessed for survival. Sixty days later, animals surviving long-term were rechallenged with either (a) CNS1-HA cells or (c) CNS1 wild 
type cells in the contralateral hemisphere. No further treatment was administered. Naive rats were injected with tumor cells as controls. Animals were 
euthanized 7 days after rechallenge and splenocytes were used for an IFN-γ ELISPOT. (b) Splenocytes from animals rechallenged with CNS1-HA or 
(d) CNS1-wild type tumors (n = 4/cohort) were isolated to quantitate the frequency of IFN-γ-secreting T lymphocyte precursors specific for CNS1 
or CNS1-HA brain tumor cells, or HA protein by IFN-γ ELISPOT. Splenocytes from each experimental group were stimulated with either CNS1 cell 
lysates, CNS1-HA cell lysates, or HA pure protein. *P < 0.05 versus saline from same stimuli group, Student’s t-test. IFN, interferon; Flt3L, fms-like 
tyrosine kinase 3 ligand; TK, thymidine kinase.



Molecular Therapy  vol. 19 no. 10 oct. 2011         � 1799

© The American Society of Gene & Cell Therapy
Brain Tumor Immunity

evidence that Flt3L/TK gene therapy induces immunological 
memory that can detect a brain tumor neoantigen that was not 
present in the primary, treated tumor.

CNS1-HA orthotopic brain tumors are not rejected in rats 
treated with saline, indicating that HA lacks sufficient immuno-
genicity to induce an effective antitumor immune response. HA 
is one of the most well characterized proteins used extensively as 
a surrogate antigen and thus, serves as an established and effec-
tive tool to study antigen specific immune responses. While many 
brain tumor antigens are not highly immunogenic, this has not 
been demonstrated for all known GBM neoantigens. Known 
brain tumor antigens, such as EGFRvIII, have previously been 
shown to display sufficient immunogenicity to justify its use in 
human phase 2 clinical trials eliciting antigen specific humoral 
and DTH immune responses and encouraging therapeutic effi-
cacy.16,42 Furthermore two novel glioma associated tumor antigens 
were recently identified, i.e., transthyretin and calgranulin B; both 
brain tumor antigens were determined to be sufficiently immu-
nogenic to establish significant CD4+ and CD8+ T cell responses 
in human patients.43 Finally, another study has demonstrated that 
nucleic acids and proteins from human cytomegalovirus infections 
were associated with malignant glioma in human patients,44 thus 
representing another potential source of neoantigens, which are 
likely to be immunogenic since they are viral derived antigens.

DTH testing was used in patients enrolled in two recent clinical 
trials studying the safety and efficacy of autologous DCs pulsed with 
either EGFRvIII peptide13 or autologous tumor cell lysates.11 Positive 
DTH responses are characterized by erythema and induration at 
the site of antigen injection and the presence of antigen specific 
memory T cells are required to initiate positive DTH responses.45 In 
both clinical trials, DTH testing using either the EGFRvIII peptide 
or autologous tumor cells as inoculum revealed that both vacci-
nation strategies induced memory T cell immune responses spe-
cific for the brain tumor (i.e., displayed DTH in response to tumor 
antigens). In this study, we used the DTH reaction to demonstrate 
that Flt3L/TK gene therapy induces memory T cells 60 days post-
treatment that are specific for CNS1 brain tumor cells.

A major concern of using intratumoral expression of Flt3L to 
prime an in situ vaccination against brain tumors is an increased 
potential of immune responses targeting brain protein self-epitopes. 
We have recently demonstrated that delivery of Ad-Flt3L alone, or 
codelivered with an Ad vector encoding HA, into the normal brain 
induced a mild, yet not pathologic, immune response against two 
self brain antigens, myelin basic protein and proteolipid protein.41 
These immune responses, however, failed to induce overt demy-
elination or behavioral abnormalities as would be expected in an 
experimental autoimmune encephalomyelitis model and indicate 
that Ad-Flt3L can be safely delivered into the brain.41 Our data 
herein further support this finding using a recurrent intracranial 
rat brain tumor model expressing a surrogate brain tumor neoan-
tigen. Neuropathological analysis did not reveal a strong increase 
in T cells infiltrating into the brain parenchyma in long-term sur-
vivors, while ELISPOT analysis revealed an increase in T lympho-
cyte precursors specific for tumor cells and for HA antigen.

Recent integrated genomic analysis of over 200 human GBM 
tumors revealed numerous point mutations and frame-shift muta-
tions in genes such as TP53, RB1, EGFR, PTEN, NF1, IDH1, PIK3Ca, 

PIK3R1, and ERBB2.46,47 Furthermore, studies have shown that 
some patients with recurrent GBM tumors previously treated with 
temozolomide display somatic mutations in the mismatch repair 
gene MSH6, which has been causally associated with temozolomide 
resistance.26,27 While these mutations in DNA coding sequences 
may alter the physiological function of the translated protein, these 
mutated proteins could also serve as a potential source of novel 
epitopes and neoantigens in recurrent brain tumors. Since recur-
rent brain tumors are a hallmark of GBM and they express novel 
antigens, the development of brain tumor immunotherapies that 
can mount an immune response against novel brain tumor antigens 
likely constitutes a critical milestone in the development of novel 
therapeutic strategies for GBM.

One of the main obstacles of adoptive T cell therapy is that 
tumor cells have evolved a range of passive and active immune 
evasion strategies such as failure to present tumor antigens or 
selection of tumor variants that have lost their tumor antigens 
targeted in the initial adoptive T cell therapy.48 While other immu-
notherapy approaches currently under investigation could also 
potentially elicit immunological memory with sufficient flexibility 
to recognize brain tumor neoantigens, the data reported herein 
represent the first experimental evidence that Flt3L/TK medi-
ated gene therapy is able to induce long-lasting immunological 
memory, capable of recognizing a brain tumor neoantigen that 
was absent from the primary brain tumor. These data highlight 
the effectiveness of the proposed approach to elicit regression of 
recurrent GBM expressing tumor antigenic epitopes not present 
in the primary lesion.

Materials and Methods
Ad vectors and cell lines. The Ad vectors used in this study are first gen-
eration, replication-deficient, recombinant Ad type 5 vectors encoding 
transgenes driven by the human cytomegalovirus intermediate early pro-
moter situated within the E1 region. Ad-TK expressing HSV-1 TK30,34 and 
Ad-Flt3L expressing human soluble Flt3L35,37 were generated and charac-
terized by us as previously described.49 All viral preparations were tested 
to be devoid of replication-competent adenovirus and lipopolysaccharide 
contamination using methodologies described previously.49

CNS1-HA cells were derived by stable transfection of a mammalian 
expression plasmid pHA-IRES-Venus, which encodes influenza HA and 
the fluorescent protein Venus. Primers (5′ CCAACGCGTGCCACCATG 
AAGGCAAACCTACTGGTCCTG3′ and 5′ CCCAACGCGTCAGATGC 
ATATTCTGCACTGCAAAG 3′) were used to PCR amplify the HA coding 
sequence (HA cDNA provided by A. Caton, Wistar Institute, Philadelphia, 
PA).40,41 Primers (5′ CCGTCGACGCCACCATGGTGAGCAAGGGCG 
AGGAG 3′ and 5′ GGGCGGCCGCTTACTTGTACAGCTCGTCCATG 
CC 3′) were likewise used to PCR amplify the Venus coding sequence 
(Venus cDNA provided by Atsushi Miyawaki, Riken Brain Science 
Institute, Japan). Stably transfected clones were selected with G418 for 4 
weeks before three rounds of fluorescence activated cell sorting (FACS) 
for Venus expression. Expression of HA was confirmed by western blot 
analysis using a primary antibody specific for HA as described by us 
previously.41 Cell proliferation assay was performed as described by us 
previously.33 Briefly, 2,000 cells were plated and individual wells were 
counted at 1, 3, 5, 7, 9, and 12 days later by Trypan blue dye exclusion.

CNS1 and CNS1-HA cells were maintained in culture in Dulbecco’s 
modified Eagle’s medium (CellGro, San Diego, CA) supplemented 
with 10% fetal bovine serum (Omega Scientific, Tarzana, CA), and 1% 
penicillin/streptomycin (CellGro). CNS1-HA cells were also cultured 
in the presence of 600 μg/ml of G418. The day of injection, cells were 
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trypsinized, counted using Trypan blue to exclude dead cells, and 
resuspended in phosphate buffered saline (PBS) at a final concentration 
of 5,000 cells in 3 μl. Cells were stored on ice until injection.

Syngeneic intracranial rat tumor models and controls. Male Lewis rats 
(220–250 g; Harlan, Indianapolis, IN) were unilaterally injected in the 
striatum (from bregma: +1 mm anterior, +3 mm lateral, and −5 mm from 
the dura) with 3 μl of PBS containing 5,000 tumor cells.30,50 Ten days later, 
5 × 107 i.u. of each Ad-Flt3L and Ad-TK were mixed together and resus-
pended in a final volume of 3 μl of saline. Utilizing the same drill hole, the 
vectors were delivered in three locations (−5.5, −5.0, −4.5 mm from dura, 
1 μl/injection site) within the tumor mass or striatum.50 Control animals 
received an intracranial injection of saline alone. On the day after vector 
injection, 25 mg/kg GCV (Roche Laboratories, Nutley, NJ) was injected 
intraperitoneally twice daily for seven days. Tumor volume (n = 4 per cell 
line) was estimated using unbiased stereological techniques as described 
by us previously.33

Sixty days following initial tumor implantation, long-term survivors 
were rechallenged with an intracranial injection of 5,000 tumor cells into 
the contralateral striatum (from bregma: +1 mm anterior, −3 mm from 
lateral, −5 mm from dura). No further treatment was administered. 
Tumor cells were also intracranially injected into naïve rats.

Animals were monitored daily and euthanized under deep anesthesia 
at the first signs of moribund behavior, or at the end of the experiment, 
via terminal perfusion–fixation with oxygenated, heparinized Tyrode’s 
solution followed by 4% paraformaldehyde (PFA) in PBS. Brains were 
removed for histopathological analysis. Animals were housed in a 
humidity- and temperature-controlled vivarium on a 12:12 hour light/
dark cycle (lights on 07:00 am) with free access to food and water. All 
experimental procedures were carried out in accordance with the 
NIH Guide for the Care and Use of Laboratory Animals and approved 
by Cedars-Sinai Medical Center Institutional Animal Care and Use 
Committee (CSMC IACUC).

IFN-γ ELISPOT. Splenocytes were assessed for the frequency of IFN-γ 
secreting T lymphocytes by ELISPOT using the rat IFN-γ development 
module (R&D Systems, Minneapolis, MN) as described by us previously.33 
The following stimuli were used: 100 μg/ml protein equivalent of cell lysate 
prepared from CNS1 cells, CNS1-HA cells or 5 μg/ml His-HA protein.41

Anti-TK and neutralizing anti-adenovirus antibody assays. We estab-
lished a custom-made enzyme linked immunosorbent assay to assess the 
titer of anti-TK antibodies in the sera of experimental animals. CNS1 cells 
were infected with Ad-TK at an multiplicity of infection of 200 i.u./cell, or 
mock infected as a control; 72 hours later, cells were harvested in PBS con-
taining Halt Protease Inhibitor Cocktail EDTA-Free (Thermo Scientific, 
Waltham, MA) and freeze/thawed for four cycles. Cell lysates were diluted 
in 50 mmol/l carbonate buffer and then 10 μg of protein equivalent per well 
of either cell lysate were coated onto a 96-well plate (cat no. 442404; NUNC, 
Rochester, NY) by incubation overnight at 4 °C followed by washing. The 
following day, all serum samples were diluted 1:4 to a final volume of 100 μl 
of Reagent Diluent (cat no. DY 995; R&D Systems). Dilutions were per-
formed in duplicate as each sample was incubated with both TK and mock 
cell lysates. As a negative control, sera from Lewis rats systemically immu-
nized with an adenovirus encoding an unrelated transgene were used. As 
a positive control, we used sera from rabbits systemically immunized with 
TK previously described by us.34 Sera were added to wells coated with cell 
lysates from Ad-TK infected cells, or from mock infected cells and incu-
bated for 2 hours at room temperature. The enzyme linked immunosor-
bent assay plate was then washed and all wells were incubated for 1 hour 
with a rabbit anti-rat IgG/biotinylated secondary antibody (1:10,000; Dako, 
Carpinteria, CA), except for wells containing positive control rabbit sera, 
which were incubated with a goat anti-rabbit IgG/biotinylated secondary 
antibody (1:10,000; Dako). Plates were washed and then incubated with 
streptavidin–HRP (R&D Systems) followed by visualization with Substrate 

Solution (R&D Systems). The optical density of each well was measured at 
a 500 nm wavelength. The % change of optical density was calculated for 
each sample incubated with TK cell lysates compared to mock lysates. The 
neutralizing anti-adenovirus antibody assay was performed as described 
by us previously.50

Delayed-type hypersensitivity (DTH) tests. DTH was done in long-term 
survivors ~2 months after rechallenge. CNS1 cell suspensions were pre-
pared in PBS and then irradiated (30 Gy). Irradiated CNS1 cells (1 × 106; 
50 μl) were injected intradermally into the pinna of right ear of each rat, 
and the left pinna received 50 μl of saline. Baseline measurements of the 
thickness of pinna were recorded with slide calipers, and the measurement 
was repeated after 4, 24, and 48 h.

Immunohistochemistry. Immunolabeling of PFA fixed brain sections 
was performed as described previously.29,33 Briefly, following perfusion 
with Tyrode’s solution and 4% PFA, serial coronal sections (50 µm) were 
prepared and free-floating immunohistochemistry was performed using 
either immunofluoresence or immunoperoxidase.

Immunofluoresence was performed using the following primary 
antibodies: anti-rat major histocompatibility complex I (to label tumor cells 
and immune cells; MHC I, 1:1,000, MCA51G; AbD Serotec, Kidlington, 
Oxford), anti-rat major histocompatibility complex II (MHC II, 1:1,000, 
MCA46GA; AbD Serotec), isotype specific anti-rat major histocompatibility 
complex II (MHC II, 1:100, MCA 826R; AbD Serotec), anti-rat Iba1 (to 
label activated macrophages/microglia, 019-19741; Wako, Richmond, 
VA), and anti-rat CD45R (to label B cells and plasmacytoid DCs, 554879; 
BD Pharmingen, Franklin Lakes, NJ). AlexaFluor conjugated secondary 
antibodies used were: goat anti-mouse IgG1-594, A21125; goat anti-rabbit 
IgG1-647, A21245; goat anti-mouse IgG2b-647, A21242; goat anti-mouse 
IgG2a-594, A21135; and goat anti-mouse IgG1-647, A21240, all used at a 
1:1,000 dilution (Invitrogen, Carlsbad, CA). Nuclei were stained with 4′, 
6-diamidino-2-phenylindole (DAPI) (5 µg/ml, Invitrogen).

For immunoperoxidase histochemistry, brain sections were first 
pretreated with 0.3% hydrogen peroxide to inactivate endogeneous 
peroxidase and then blocked with 10% horse serum. Brain sections were 
then incubated with the primary antibodies diluted in Tris buffered saline 
(pH 7.4) containing 1% horse serum and 0.5% Triton X-100 for 48 h. The 
following antibodies were used: anti-vimentin (to identify tumor cells and 
activated astrocytes, 1:1,000, Sigma V6630; Sigma, St Louis, MO), anti-rat 
CD8α (to identify cytotoxic T cells; 1:1,000, MCA48G; Abd Serotec), anti-
rat CD68 (clone ED1 to identify macrophages/activated microglia; 1:1,000, 
MCA341R; Abd Serotec), anti-rat major histocompatibility complex I 
(to label tumor cells and immune cells; MHC I, 1:1,000, MCA51G; Abd 
Serotec), and anti-rat major histocompatibility complex II (MHC II, 
1:1,000, MCA46GA; Abd Serotec). Then, the sections were incubated 
for 4 hours with biotin-conjugated anti-rabbit goat IgG or rabbit anti-
mouse IgG (1:800, Dako E0432 and E0464, respectively), followed by 4 
hours additional incubation with avidin-biotin complex (Vectastain Elite 
ABC Kit; Vector laboratories, Burlingame, CA). Nickel-enhanced 0.02% 
3,3′-diaminobenzidine in sodium acetate was used as the chromogen.

Statistical analysis. Kaplan–Meier survival curves were analyzed using the 
Mantel-log Rank (GraphPad Prism version 3.00, GraphPad Software, San 
Diego CA). Randomization test was used to analyze cell growth properties 
in vitro and DTH data (NCSS). The ELISPOT data were analyzed by Students 
t-test. Differences between groups were considered significant at P < 0.05.
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