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Abstract

The malignant primary brain tumor, glioblastoma (GBM) is generally incurable. New approaches 

are desperately needed. Adeno-associated virus (AAV) vector-mediated delivery of anti-tumor 

transgenes is a promising strategy, however direct injection leads to focal transgene spread in 

tumor and rapid tumor division dilutes out the extra-chromosomal AAV genome, limiting duration 

of transgene expression. Intravenous (IV) injection gives widespread distribution of AAV in 

normal brain, however poor transgene expression in tumor, and high expression in non-target cells 

which may lead to ineffective therapy and high toxicity, respectively. Delivery of transgenes 

encoding secreted, anti-tumor proteins to tumor stromal cells may provide a more stable and 

localized reservoir of therapy as they are more differentiated than fast-dividing tumor cells. 

Reactive astrocytes and tumor-associated macrophage/microglia (TAMs) are stromal cells that 

comprise a large portion of the tumor mass and are associated with tumorigenesis. In mouse 

models of GBM, we used IV delivery of exosome-associated AAV vectors driving green 

fluorescent protein expression by specific promoters (NF-κB-responsive promoter and a truncated 

glial fibrillary acidic protein promoter), to obtain targeted transduction of TAMs and reactive 

astrocytes, respectively, while avoiding transgene expression in the periphery. We used our 
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approach to express the potent, yet toxic anti-tumor cytokine, interferon beta, in tumor stroma of a 

mouse model of GBM, and achieved a modest, yet significant enhancement in survival compared 

to controls. Noninvasive genetic modification of tumor microenvironment represents a promising 

approach for therapy against cancers. Additionally, the vectors described here may facilitate basic 

research in the study of tumor stromal cells in situ.

INTRODUCTION

Standard-of-care treatment for GBM involves radiation, chemotherapy, and maximal 

surgical resection of the tumor. As the 5 year survival rate of 4.7% indicates1, these 

treatments have not been effective in preventing disease progression. Oncolytic viruses have 

shown promise for treating GBM, however the host’s anti-viral immune response can reduce 

virus spread throughout tumor2. Adeno-associated virus (AAV) vector delivery of anti-tumor 

genes to remaining malignant cells after resection has potential to prevent recurrence. 

Unfortunately, current AAV vectors have been rather slow to progress further than 

preclinical mouse models of GBM. One likely reason is minimal spread of vector after direct 

intratumoral injection3–5. The second is the extrachromosomal nature of AAV vectors leads 

to rapid dilution in dividing tumor cells and loss of therapeutic transgene expression6. Our 

group7–9 and subsequently others10 have proposed genetically modifying normal brain with 

secreted anti-tumor proteins. While this does show substantial efficacy in mouse models of 

GBM, a possible drawback is the requirement to genetically modify large numbers of 

healthy cells which has potential safety issues and requires efficient secretion of anti-tumor 

protein. As brain and brain tumors are highly vascularized, delivery of therapies via the 

blood stream is an attractive approach for widespread transgene delivery. Some AAV vector 

serotypes cross the blood-brain barrier (BBB) and mediate widespread gene transfer to 

neurons, astrocytes and endothelial cells11, 12. However, current AAV vector systems are 

suboptimal for intravascular (i.v.) gene delivery to the brain due to pre-existing immunity to 

the virus (e.g. neutralizing antibodies to the virus capsid)13. Also, suboptimal tissue/

transcriptional targeting results in low levels of transgene expression in tumor cells3 and 

high expression in liver with potential toxic side-effects. A promising target for therapy is 

tumor stromal cells (Fig. 1). Many tumor types, including GBM have high amounts of 

stromal cells such as tumor-associated myeloid-derived cells (TAMs, which include 

monocytes, macrophage, microglia)14, reactive astrocytes15, and cancer associated 

fibroblasts16. In general, systemically injected AAV does not transduce microglia and 

macrophage in vivo in mice11, although some limited success has been reported with direct 

intracranial injection17, 18.

Recently we have described a hybrid gene delivery system comprised of AAV associated 

with exosomes called exo-AAV19. We have demonstrated that exo-AAV has certain 

advantages for in vivo gene delivery in preclinical models, including evasion of anti-AAV 

antibodies20 and better gene delivery to CNS at low vector doses21. Using exo-AAV for gene 

delivery via the systemic route, we tested whether tumor-microenvironment inducible 

promoters would result in gene delivery to brain tumor stroma.
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MATERIALS AND METHODS:

Cells:

Human 293T cells were obtained from the American Type Culture Collection (Manassas, 

VA) and cultured in high glucose Dulbecco’s modified Eagle’s medium (DMEM, Life 

Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum (Sigma, St 

Louis, MO), 100 U/ml penicillin, and 100 μg/ml streptomycin (Life Technologies) in a 

humidified atmosphere supplemented with 5% CO2 at 37°C. Murine GL261 cells (National 

Cancer Institute) were cultured in RPMI 1640 media (Life Technologies, Grand Island, NY) 

supplemented with 10% fetal bovine serum (Sigma, St Louis, MO), 100 U/ml penicillin, and 

100 μg/ml streptomycin and cultured under the same conditions as for 293T cells. Primary 

human GSCs used in this study were obtained from the Ohio State University James 

Comprehensive Cancer Center22. GSCs were cultured as neurospheres in Neurobasal 

medium (Gibco) supplemented with Heparin, B27, recombinant human endothelial growth 

factor (EGF) and basic fibroblast growth factor (bFGF).

AAV plasmids:

For immunofluorescence analysis of transduced cell types we used a self-complementary 

(sc) AAV construct encoding GFP driven by the hybrid CMV-enhancer/chicken beta actin 

(CBA) promoter (sc-AAV-CBA-GFP) or the same construct with the promoter replaced with 

the 5NF promoter23, 24 called sc-AAV-5NF-GFP. To construct an AAV vector encoding 

murine interferon beta (mIFN-β) under the 5NF promoter, murine codon-optimized mIFN-β 
was synthesized and cloned into pUC57 plasmid by Genscript (Piscataway, NJ). Next the 

GFP transgene was removed from scAAV-5NF-GFP and the backbone ligated with the 

similarly digested mIFN-β cDNA place to create scAAV-5NF-mIFN-β. To generate scAAV-

GFAP-mIFN-b, a scAAV plasmid encoding ApoE2 under the truncated GFAP promoter, 

gfa2ABC1D25 (AAV-GFAP-ApoE2) had the ApoE2 insert removed with a NcoI and BamHI 

digest. Next we PCR amplified codon-optimized mIFN-β using Phusion polymerase (NEB) 

and flanking primers, forward 

(AGTCCTTCATGAGCCACCATGAACAATCGGTGGATCC), reverse 

(TGTCATAGATCTTTAATTCTGGAAGTTTCTGGTC). As the mIFN-β cDNA had internal 

NcoI and BamHI sites we designed the primers to contain different restriction sites which 

generate compatible ends for these sites. The forward primer contains a BspHI site 

compatible with the upstream NcoI site and the reverse primer a BglII site which is 

compatible with the downstream BamHI site in the AAV plasmid. The mIFN-β PCR product 

was digested with NcoI and BglII and ligated with NcoI/BamHI digested AAV-GFAP to 

generate AAV-GFAP-mIFN-β. To generate scAAV-GFAP-null (devoid of transgene), 

digesting out the ApoE2 fragment using flanking upstream and downstream XbaI sites and 

then ligating the XbaI sites together.

exo-AAV preparations:

exo-AAV were produced in 293T cells as previously described26. Briefly, a triple 

transfection of AAV plasmid, rep/cap plasmid (AAV9 serotype used) and helper plasmids 

was performed using the calcium phosphate method in ten 15 cm dishes. Media was 

changed to 2% FBS in DMEM the day after transfection and to exosomes-free 2% FBS at 
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48h post transfection. At 72 h post transfection, media was harvested. Cell debris and 

apoptotic bodies were removed by sequential, 10 min 300 × g and 2000 × g centrifugations, 

respectively. The supernatant containing exo-AAV was then centrifuged at 20,000 × g for 1 h 

to deplete larger microvesicles. Next, the remaining media was centrifuged at 100,000 × g 

for 1 hour using a Type 70 Ti rotor in an Optima™ L-90K ultracentrifuge (both Beckman 

Coulter, Inc., Indianapolis IN). The resulting pelleted material was resuspended in serum-

free, antibiotic-free DMEM. exo-AAV preparations were stored at −80°C until use. Before 

titration, exo-AAV sample was treated with DNase to remove plasmid DNA from the 

transfection by mixing 5 μl of the sample with 1 μl DNase I, 5 μl 10× buffer, and 39 μl water. 

Samples were incubated 1 h at 37°C and then Dnase I was inactivated at 75°C for 15 min. To 

ensure accurate titration of exo-AAV which contains protein and lipids, we purified AAV 

genomes using High Pure Viral Nucleic Acid Kit (Roche, Indianapolis, IN). This kit 

contains detergents and proteinase K to degrade and lyse membraned viruses and is also 

certified to remove PCR inhibitors. Next, exo-AAV preparations were titered using a 

quantitative TaqMan PCR that detects AAV genomes (polyA region of the transgene 

cassette) was performed as previously described27.

Animals and injections:

All animal experiments were approved by the Massachusetts General Hospital 

Subcommittee on Research Animal Care following guidelines set forth by the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals. Female athymic 

nude mice aged 6–8 weeks were purchased from Charles River Laboratories (Wilmington, 

MA). Female C57BL/6 mice aged 6–8 weeks were purchased from Jackson Laboratory (Bar 

Harbor, ME). For tail vein injections of exo-AAV, mice were placed into a restrainer, 

(Braintree Scientific, Inc., Braintree, MA). Next the tail was warmed in 40°C water for 30 

seconds, before wiping the tail with 70% isopropyl alcohol pads. A 100–300 μl volume of 

vector (dose indicated in results section) was slowly injected into a lateral tail vein, before 

gently finger clamping the injection site until bleeding stopped. For implantation of tumor 

cells, mice were anesthetized with a mixture of 100 mg/kg ketamine and 5 mg/kg xylazine 

in 0.9% sterile saline. Mice were placed in a stereotaxic frame and intracranially injected 

into the striatum with 2×104 murine GL261-FLuc cells (female C57BL/6 mice) or 2 × 104 

human GSCs (female nude mice) using a Micro 4 Microsyringe Pump Controller (World 

Precision Instruments, Sarasota, FL) attached to a Hamilton syringe with a 30-gauge needle 

(Hamilton, Reno, NV), at the following coordinates in mm from bregma: +0.5 antero-

posterior, +2.0 medio-lateral, −2.5 dorso-ventral.

Fluorescence, histology and immunohistochemistry:

Mice were anesthetized with an overdose of ketamine/xyalzine and transcardially perfused 

with PBS for 3 minutes to flush out blood, followed by 4% formaldehyde in PBS for 7 

minutes to fix tissues. The brain and liver from each mouse were collected, post-fixed for 48 

hours in 4% formaldehyde in PBS at 4°C and then transferred to 30% sucrose in PBS for 48 

– 72 hours at 4°C for cryoprotection. Tissues were embedded in Neg-50 frozen section 

medium (Fisher Scientific) using a dry ice/2-methyl-butane bath and mounted in a Microm 

HM550 cryostat (Thermo Scientific). Throughout the brain/brain tumor or liver, 40 μm-thick 

coronal sections were collected and transferred to a 12-well plate containing PBS kept on ice 

Volak et al. Page 4

J Neurooncol. Author manuscript; available in PMC 2019 April 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and stored at 4°C. Immunofluorescence was performed on these free-floating sections. The 

sections were permeabilized for 2h using 0.5% Triton X-100 in PBS and non-specific 

binding was blocked with 5% normal goat serum (NGS) in PBS.

For staining of tumor associated myeloid derived cells: primary antibody specific for GFP 

(1:400 dilution, rabbit anti-GFP, ABfinity, Life Technologies) was diluted in 1.5% NGS in 

PBS and incubated for 60 hours at 4°C in stirring condition. Next, 1:1000 diluted secondary 

antibody (goat anti-rabbit Alexa Fluor 488, Cell Signaling) was incubated for 1 hour at room 

temperature in stirring condition. Sections were co-stained with rat anti-mouse CD68 IgG 

monoclonal antibody (Clone FA-11, Bio-Rad, Raleigh, NC). Next secondary Alexa594-

conjugated goat anti-rat IgG was added at 1:1000 dilution. Nucleic staining was performed 

with DAPI, and, after final washes in PBS, sections were carefully mounted onto slides 

using a brush and dried overnight. Finally, Fluorescence Mounting Medium (Dako North 

America, Carpinteria, CA) was applied and sections were covered with a coverslip. Tile-scan 

images were collected on a Zeiss Axio Imager Z epifluorescence microscope equipped with 

AxioVision software and modified for automated acquisition of entire brain slices, using 

either 5×, 10× or 20× objectives. In some experiments, images were acquired on a Nikon 

Eclipse TE2000 inverted fluorescence microscope (Nikon, Melville, NY) fitted with a Zyla 

5.5 megapixel monochrome sCMOS camera (Andor, Belfast, UK) connected to Nikon 

Elements software (Nikon).

For colocalization of exo-AAV expressed GFP with either CD68 stained cells or tumors 
expressing mCherry, slides were analyzed with confocal imaging using a Zeiss LSM 5 

Pascal laser-scanning confocal microscope (Zeiss, Oberkochen, Germany). Images were 

acquired using a 10, 40 or 63 PlanApo (NA 1.4) differential interference contrast (DIC) 

objective on an inverted microscope (Axiovert 200 M, Zeiss) equipped with an LSM 

510META scan head (Zeiss). Argon ion (488 nm) and HeNe (543 nm) lasers were used for 

excitation. Green and red fluorescence emissions were detected through BP 505–530 and 

560–615 filters, respectively.

Quantitation of transduced CD68+ cells within tumor sections.

The percentage of CD68+ cells within tumors was estimated by ImageJ analysis software28 

analysis of high magnification images of tissue sections (CD68+ cells stained red, and GFP 

positive cells stained green as described above. First, a threshold range was set across all the 

images to identify CD68+ cells as ROI’s (regions of interest). Next, the identified ROI’s 

from each image was summarized in a ROI manager to determine the area, count and mean 

values. Next, we manually counted GFP positive cells in images that colocalized with CD68 

signal. The percentage of CD68+ cells which expressed GFP was calculated using the 

following equation: (# of GFP+, CD68+ cells)/(total number of CD68+) cells x100.

For staining of reactive astrocytes:

Primary chicken anti-GFP antibody (1:500 dilution, GFP-1020; Aves Labs, Tigard, OR) was 

co-incubated with primary rabbit anti-GFAP antibody (1:500 dilution, G969, Sigma) for 48 

h followed by detection with 1:500 dilutions of Alexa-488-goat anti-chicken (for GFP) and 

Cy3-goat anti-rabbit (for GFAP).
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Hematoxylin and eosin (H&E) staining and pathological analysis:

20 μm sections from fresh-frozen brains were made in a Model cryostat (Company, City 

State). H&E staining was performed according to standard protocol.

Statistics:

Statistical analysis was performed using GraphPad Prism (v6.01; LaJolla, CA). A p-value ≤ 

0.05 was considered statistically significant. For analysis between multiple groups, a one-

way analysis of variance (ANOVA) was performed followed by a Sidak Multiple 

Comparison Test to compare individual groups. For survival analysis of Kaplan-Meier 

curves, we performed both a Log-rank (Mantel-Cox) test and a Gehan-Breslow-Wilcoxon 

test.

RESULTS

NF-κB inducible promoter mediates widespread reporter gene expression in tumor-
associated myeloid-derived cells after systemic injection of exo-AAV in brain tumor-
bearing mice.

We compared systemic administration of exo-AAV encoding either a broadly active 

promoter, chicken beta actin (CBA), or an NF-κB inducible promoter, 5NF23, 24. The latter 

promoter contains 5 tandem repeats of NF-κB binding sites followed by a TATA box. Nude 

mice were implanted with human glioma cancer stem-like cells (GSCs) and 10 days later 

mice were injected via the tail vein with 6×1011 genome copies (g.c.) of exo-AAV9-CBA-

GFP or exo-AAV9–5NF-GFP (both n=4). Seven days later, mice were sacrificed and tissue 

cryosections analyzed by immunofluorescence for GFP expression. As expected the vector 

with the CBA promoter (broadly active promoter) gave widespread transduction of the brain 

(Fig 2A) as we have previously reported21, sparse tumor transduction (Supplementary 

Fig.S1), and widespread liver transduction (Fig. 2C). In contrast exo-AAV9–5NF-GFP gave 

no detectable GFP in normal brain or liver (Fig. 2B, D). However, diffuse yet widespread 

transduction throughout the tumor was observed in analyzed sections (Fig. 3A, B). GFP 

positive cells did not co-localize with tumor-expressed mCherry using confocal microscopy 

(Fig. 3A, B). Instead, the GFP+ cells had distinct myeloid-derived cell-like morphology, 

which was confirmed by CD68 staining (in GSC tumors not-expressing mCherry) and GFP-

colocalization by confocal imaging (Fig. 3C). Transduction of CD68+ myeloid-derived cells 

was widespread throughout all tumor sections examined and ImageJ analysis revealed 13.25 

+/− 6.68% of CD68+ cells within serial sections of tumor were GFP positive. Transduced 

CD68+ were located in all areas of tumor sections (from center to margin) with no apparent 

bias of distribution. We also tested conventional AAV9 packaging the 5NF-GFP expression 

cassette to transduce a mouse macrophage cell line, RAW cells, in the presence or absence 

of the NF-κB activating cytokine, TNF-α. AAV9 transduced RAW cells showed detectable 

GFP expression three days after vector addition TNF-α treatment resulted in a 20% increase 

in GFP signal, although this was not statistically significant (p=0.165, Supplementary Fig. 

S2).
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A truncated GFAP promoter allows reporter gene expression in reactive astrocytes after 
systemic injection of exo-AAV9 in brain tumor bearing mice.

Reactive astrocytes have been reported at the tumor periphery in postmortem human GBM 

samples29 as well as implicated in tumor aggressiveness in preclinical GBM models15, 30. 

As glial fibrillary acidic protein, GFAP, is strongly expressed in reactive astrocytes, we 

engineered an exo-AAV vector with a truncated GFAP promoter, gfa2ABC1D25 (called 

GFAP) driving GFP expression. Recently we have shown that systemically injected AAV9-

GFAP-GFP enables widespread transduction of astrocytes in naïve (no tumor) murine brain 

with no detectable reporter expression in liver31. We intracranially implanted C57BL/6 mice 

with murine GL261 glioma cells (we used these cells as they have been shown to be 

responsive to reactive astrocytes15). Fourteen days post-tumor implantation, mice were i.v. 

injected with exo-AAV9-GFAP-GFP (n=3, 2×1012 g.c.) and at 24 days post-tumor (10 days 

post-vector), mice were sacrificed, and brains and organs processed for immunofluorescence 

analysis. Tumor sections were immunostained for both GFP and GFAP. Robust GFP 

expression was observed in GFAP-positive astrocytes at the tumor border; in addition, 

intensely green fluorescent cells extended into the tumor (Fig. 4, Supplementary Fig. S3). 

These cells did not show clear GFAP staining, although we have reported that this promoter 

construct in active in both GFAP positive and negative astrocytes31. There is a possibility, 

however, that these cells were tumor cells. Importantly, we also injected a subset of mice 

bearing GL261 brain tumors (n=3) i.v. with exo-AAV9–5NF-GFP and observed TAM 

transduction (Supplementary Fig.S4) as with the human GSC xenograft model in nude mice.

Transcriptionally-targeted transduction of brain tumor stromal cells with exo-AAV 
encoding murine IFN-β results in anti-glioma responses

To test whether genetic modification of GBM stromal cells with a model anti-tumor protein 

could exert control over growth of aggressive syngeneic GL261 tumors, we replaced the 

GFP cassette in both AAV-5NF-GFP and AAV-GFAP-GFP with cDNA encoding the murine 

interferon beta (mIFN-β). IFN-β is a cytokine with potent anti-tumor effects, although it can 

mediate systemic toxicity and animal death when delivered IV by AAV9 and expressed from 

strong ubiquitous promoters (Supplementary Fig. S5). To test the functionality of exo-

AAV9–5NF-mIFN-β, we transduced RAW 264.7 murine macrophage cells with this vector 

(107 gc/cell), or with exo-AAV9–5NF-GFP as control. Media was harvested three days post 

transduction and an IFN-b ELISA performed. We readily detected IFN-b in media from cells 

transduced with exo-AAV9–5NF-mIFN-β (2,273 +/− 106 pg/ml) but not the control vector 

(Supplementary Fig. S6). To test the ability of exo-AAV9–5NF- mIFN-β to treat aggressive 

GBM tumors, we tried two different treatment strategies. The first was a “late therapy” 

model in which we implanted mice intracranially with 5×104 GL261 cells followed by i.v. 

injection of either exo-AAV-5NF-GFP as control or exo-AAV-5NF-mIFN-β on day 12 post 

tumor (7.5×1011 g.c injected). In the “early treatment” model mice were injected with 2×104 

GL261 cells followed by i.v. injection of either vector day 7 post tumor (4.7×1011 g.c 

injected). In both experiments, each group was comprised on n=8 mice. We monitored 

mouse survival via a predetermined humane endpoint, including body weight loss (>20%), 

hemiparesis, and hunching. In both the late (Fig. 5A) and early (Fig. 5B) treatment models 

we observed a very modest ~2 day (5–9%) increase in median survival which was not 

statistically significant.

Volak et al. Page 7

J Neurooncol. Author manuscript; available in PMC 2019 April 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Histopathological analysis of the brains revealed approximately 10–20% cell death (seen as 

foci of necrosis) in mIFN-β-treated brains compared to minimal death in the control group 

in which cell death was mostly limited to scattered apoptotic cells. Necrosis was more 

prominent in the early treatment model (5B).

Next, we tested whether expression of mIFN-β in reactive astrocytes around the GL261 

tumor could enhance animal survival. First we tested for functional expression of vector-

encoded mIFN-β after systemically delivered exo-AAV9-GFAP-mIFN-β. Non-tumor 

bearing C57BL/6 mice (n=3) were injected i.v. with either vehicle (PBS) or 4×1011 g.c. of 

exo-AAV9-GFAP-mIFN-β and two weeks later sacrificed and RNA harvested from brain for 

RT-qPCR analysis of mIFN-β mRNA levels. We found that mice weight remained stable 

over the time period examined, suggesting no overt toxicity at this dose. Furthermore, 

mIFN-β transcript was detected in all mice injected with exo-AAV9-GFAP-mIFN-β, but not 

vehicle control (Supplementary Fig. S7A). By ELISA, we also detected mIFN-β in media of 

primary mouse astrocytes transduced by exo-AAV9-GFAP-mIFN-β (1,753 +/− 258 pg/ml) 

but not when transduced by the control vector (Supplementary Fig. S7B).

Next, mice (n=6 per group) were injected intracranially with 2×104 GL261 cells and one 

week later, injected with 3×1011 g.c. of exo-AAV9-GFAP-mIFN-β or the same dose of exo-

AAV9-GFAP vector devoid of transgene (called exo-AAV9-GFAP-null). We also tested exo-

AAV9-GFAP-mIFN-β at a lower dose of 8×1010 g.c. We observed a 14% increase in median 

survival with the higher dose of exo-AAV9-GFAP-mIFN-β over exo-AAV9-GFAP-null (Fig. 

6, p=0.02, Log-rank test). The lower dose of exo-AAV9-GFAP-mIFN-β had virtually 

identical median survival as the control group (Fig. 6).

Histopathological analysis of control and treated brains revealed large areas of necrosis 

comprising 40%−50% of the tumor in mIFN-β treated mice compared to scattered apoptotic 

cells in the control group (Fig. 6). We observed that the area of necrosis appeared to be at the 

tumor core. As we had shown with the exo-AAV9-GFAP-GFP vector transgene expression 

to be localized mainly to reactive astrocytes at the tumor border (Fig 4), we extracted tissue 

samples from three different areas: the tumor core, just outside the tumor core, and in the 

normal brain surrounding the tumor. We also isolated normal brain from exo-AAV9-GFAP-

null mice as control. Next RT-qPCR was performed to detect m-IFN-β and we normalized 

the Ct values to GAPDH. As expected, the highest mIFN-β mRNA was found in the brain 

surrounding the tumor, supporting our data with the GFP reporter (Supplementary Fig. 

S7C).

DISCUSSION:

In this study, we demonstrate that targeted transduction of brain tumor stromal cells can be 

achieved after systemic injection of an AAV-based vector system using promoters responsive 

to the tumor microenvironment. We utilized exo-AAV in this study has we have previously 

shown that this vector system has attributes such as enhanced transduction to CNS21, liver32, 

inner ear33, and retina34 compared to conventional AAV. Exo-AAV also has a benefit of 

antibody evasion which may have clinical relevance in patients with pre-existing humoral 

immunity to AAV20, 32. That said, it is likely conventional AAV vectors will also transduce 
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tumor stroma. First, we have shown that exo-AAV and AAV to have similar target 

(astrocytes, neurons) when transgene expression is driven by a broadly active promoter 

(CBA)21. Second, we have recently demonstrated that we can achieve widespread astrocyte 

transduction with systemically injected conventional AAV9 with transgene driven by the 

GFAP promoter31. Finally, in cultured RAW cells (macrophage) we found that conventional 

AAV9 with the 5NF-GFP cassette could drive robust GFP expression (Supplementary Fig 

S2). Future work will confirm whether we achieve enhancement in TAM or reactive 

astrocyte transduction with exo-AAV vs. conventional AAV.

There is limited data demonstrating transduction of myeloid-derived cells with AAV vectors. 

The existing data showing modest macrophage/microglia transduction in the CNS was 

performed after direct AAV injection17, 18. On the other hand, we achieved selective 

transduction of myeloid-derived cells after systemic injection of exo-AAV9 using a NF-κB 

regulated promoter. Successful transduction of this cell type may require several important 

factors including: (a) the ability of the vector to traffic to and enter the cell, and (b) 

appropriate promoter responsive to the in vivo environmental conditions. We observed that 

under identical vector/microenvironment conditions with exo-AAV9, switching the promoter 

from CBA to 5NF changed the transduction profile from primarily neurons and astrocytes in 

the CNS and hepatocytes in the liver to myeloid-derived, tumor-associated cells with 

undetectable hepatocyte transduction. It is becoming evident that broadly active promoters 

such as CMV and CBA may not be highly active in all subsets of cells. For example, we 

observed that systemic injection of an AAV9 vector encoding GFP under the synapsin 

promoter increased the percentage of GFP-positive neurons by 7-fold compared to the same 

AAV9 vector driving GFP with a CBA promoter31. Another important consideration is the 

translation potential of these findings to humans. While AAV transduction of microglia and 

macrophage is very limited in mice, one report found that in non-human primates (NHPs), 

the cells primarily transduced by systemically injected AAV9 (using a CBA promoter) were 

microglia (Iba-1+) and astrocytes (GFAP+)35. This is promising for the potential translation 

of our stromal cell targeting strategy, although further research in NHPs needs to be 

performed to confirm these findings. The transcription factor NF-κB is often active in 

tumors and tumor-associated macrophage/microglia compared to other cells36–38. While we 

cannot rule out expression of mIFN-β from transduced tumor cells in the GL261 model, the 

majority of the response likely came from TAMS, as we did not detect GFP expression in 

tumor cells in vivo with the AAV-5NF-GFP construct and the high division of tumor cells 

dilutes out the AAV genome. Similarly, gliomas can express varying amounts of GFAP, 

however we did not observe widespread GFP immunostaining of GL261 tumor sections in 

mice injected with exo-AAV9-GFAP-GFP and high grade glioma often lose GFAP 

expression39, indicating reactive astrocytes at the tumor border as a driver of therapeutic 

mIFN-β in this model. This is also supported by the increased mRNA expression of mIFN-β 
at the periphery of the tumor as compared to the tumor core in the brain of mice injected 

with exo-AAV9-GFAP- mIFN-β. (Supplementary Fig. S7C). The reason for increased 

necrosis in the tumor core is not clear at present. One possible explanation is that, due to 

differences in the tumor microenvironment, cells at the tumor core might be more 

susceptible to this secreted cytokine. We observed a modest yet significant (14%) increase in 

survival using the astrocyte-based mIFN-β expression at 3×1011 gc/mouse. While 
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encouraging, there are potential limitation of using IFN-β as an anti-tumor protein. While 

we mitigated the potent toxicity observed with lower doses of systemically injected AAV9 

driving mIFN-β expression with broadly active promoters (Fig. S5), increasing the dose of 

exo-AAV9-GFAP- mIFN-β two-fold (6 ×1011 gc/mouse), resulted in reduced survival of 

exo-AAV9-GFAP- mIFN-β-treated mice over the control group (data not shown). This likely 

indicates that at least in the experimental context described here, the therapeutic window of 

IFN-β is quite narrow. There is support in the literature for toxicity mediated by vector-

encoded mIFN-β this observation40, including some of our own work. Recently we reported 

survival results of intracranial injection of AAV encoding mIFN-β driven by different 

promoters in a GL261 brain tumor model41. While we found that with some promoter/ 

mIFN-β combinations (likely ones with weaker activity) survival was increased over control 

treated groups, some of the promoters actually decreased animal survival, likely due to an 

inflammatory response41.

Multiple studies, including our own, have evaluated the combination of IFN-β with 

Temozolomide (TMZ), the standard-of-care chemotherapeutic for GBM patients42 (on 

mature GBM cells and Glioma stem cells both in culture and in vivo41,43–47). Such 

combination therapy was also evaluated on GBM patients48, 49. These studies have 

concluded that IFN-β increases sensitivity to TMZ and was well tolerated in phase I clinical 

studies48, 49, and has been shown to enhance the therapeutic outcome41. Thus, it may be 

possible to use tumor stromal cells modified to produce IFN-β at sub-toxic doses and 

achieve tumor killing. Therefore, we anticipate that combining our exo-AAV9-IFN-β 
strategy (using GFAP or 5NF promoters) with TMZ could potently enhance the therapeutic 

response/survival and will be evaluated in future studies.

Alternatively, it may be prudent to test other secreted proteins (e.g. tumor necrosis factor-

related apoptosis-inducing ligand, TRAIL) which have a larger therapeutic window and 

lower toxicity profile than IFN-β. This will allow us to use higher doses of vector to achieve 

transduction of more tumor stromal cells, increasing therapeutic efficacy. It may also be 

useful to simultaneous injection of both vectors (GFAP and NF-KB-regulated expression) to 

increase therapeutic efficacy, as this would treat the tumor from the outside (reactive 

astrocytes) and inside (myeloid-derived cells). We and others have shown ionizing radiation 

(IR) to activate the NF-κB signaling pathway in tumor cells24, 36, 50, 51. Radiation also 

activates NF-KB transcriptional activity in human myeloid cells by stimulating overall 

cytokine production such a TNF-α, a potent inducer of NF-KB52, 53. As radiation is standard 

care for GBM, it may serve to enhance induction of production of therapeutic protein in cells 

transduced by AAV-5NF vector.

Another application of this stromal cell transduction strategy is modulation of phenotype 

and effector function of these cell types for basic scientific study as well as creating a less-

favorable environment for tumor cell proliferation. While the literature on TAMs role in 

tumorigenesis is rapidly expanding, there is less known regarding the role of astrogliosis in 

brain tumor progression. A hallmark of GBM in both postmortem human samples as well as 

mouse models is the prominent band of reactive astrocytes at the tumor margin without 

substantial penetration into the tumor core29. Furthermore, experimental models have 

demonstrated that astrocytes can increase invasiveness of GBM stem-like cells (GSCs)54. 
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Using the exo-AAV-GFAP gene delivery system to modulate expression of mRNA/miRNAs 

in astrocytes may facilitate a better understanding of the astrocyte/tumor interaction.

CONCLUSION

We demonstrated that an AAV-based gene delivery system can transduce brain tumor 

stromal cells after non-invasive systemic injection and that we can obtain a therapeutic 

killing of tumor cells using these cells as a base for expression of secreted anti-tumor 

proteins. To our knowledge, on-site transduction of tumor- associated macrophage/microglia 

after systemic vector delivery has not been previously reported. This system could be 

applied to other tumor models with high tumor stromal cell content (e.g. breast cancers), 

tailoring transgene expression to the promoter activity of the specific stromal cell types.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Stromal cell targeting strategy.
GBM’s are comprised of many types of stromal cells, including tumor-associated myeloid-

derived cells like macrophage and microglia, and reactive astrocytes. These cells represent a 

more attractive target for AAV-based therapies. Therapeutic genes are delivered to these cells 

using exosome-associated AAV (exo-AAV).
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Figure 2. Systemic injection of exo-AAV9–5NF-GFP reduces off target expression of transgene in 
liver and normal brain.
Exo-AAV9-CBA-GFP mediates strong GFP expression in periphery and normal brain (A, C) 
after i.v. injection of mice bearing GBM tumors, while exo-AAV9–5NF-GFP does not 

detectably transduce liver or normal brain (B, D). Equal doses of each vector were injected.
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Figure 3. Systemic injection of exo-AAV9–5NF-GFP transduces tumor-associated myeloid 
derived cells in human glioma stem-like cell tumors in mice.
exo-AAV9–5NF-GFP transduction of brain tumor stromal cells after intravenous injection. 

Nude mice bearing intrastriatal human GSC tumors were injected i.v. with exo-AAV9–5NF-

GFP (vector schematic shown above; purple blocks, AAV inverted terminal repeats; 5NF, 

NF-κB inducible promoter). Mice were sacrificed at the humane endpoint, tumors sectioned, 

and immunostained for GFP. (A) GFP expression in tumor stromal cells. (B) Merge of GFP 

signal with tumor cell-expressed mCherry to show that the transduced cells are within the 

tumor mass. Scale bar=100 μm. (C) exo-AAV9–5NF-GFP primarily transduces CD68+ 

myeloid-derived cells within human GBM tumor (no mCherry expression in this tumor. 

Confocal imaging of human GSC tumor-bearing mice injected i.v. with exo-AAV9-NF-GFP. 

Tumor sections were stained with myeloid-derived cell marker CD68 (red) and co-

localization with GFP was readily detected. Scale bar= 50 μm.
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Figure 4. Exo-AAV9-GFAP-GFP transduces reactive astrocytes at brain/tumor interface in 
murine GL261 tumors after systemic injection.
AAV vector with truncated GFAP promoter driving GFP. (A) representative GL261 tumor 

section showing Dapi staining of tumor mass. (B) GFAP positive reactive astrocytes (red) at 

the tumor border indicated with dashed line. bt=brain tumor. (C) Widespread transduction of 

reactive astrocytes at tumor border. GFP positive astrocytes at tumor border are indicated 

with arrows. Representative GFP positive cells extending into the tumor (Dapi positive cells) 

are indicated by arrow heads.
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Figure 5. Systemically injected exo-AAV9–5NF-mIFN-β mediates tumor cell death in GL261 
brain tumors.
(A) GL261 cells (5.0 ×104 cells) were implanted into the striatum of C57BL/6 mice and 12 

days later, exo-AAV9–5NF-mIFN-b was injected i.v. and survival analysis performed. (B) 
GL261 cells (2.0 ×104 cells) were implanted into the striatum of C57BL/6 mice and 7 days 

later, exo-AAV9–5NF-mIFN-b was injected i.v. and survival analysis performed. H&E 

sections show small foci of necrosis, surrounded by viable tumor in the mIFN-B treated 

tumors, while the control group shows only scattered apoptotic cells and cystic change. 

Scale bar in high-magnification images is 100 μm.
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Figure 6. Systemically injected exo-AAV9-GFAP-mIFN-β increases survival.
GL261 cells (2.0 ×104 cells) were implanted into the striatum of C57BL/6 mice and 7 days 

later, exo-AAV9-GFAP-mIFN-b (two doses tested) or exo-AAV9-GFAP-null was injected 

i.v. and survival analysis performed. Significant (p=0.02) enhancement of survival was 

observed in the group treated with the higher dose of exo-AAV9-GFAP- mIFN-b compared 

to the control group. H&E sections show large areas of necrosis (50% of the tumor) 

surrounded by a rim of viable tumor in the treated tumors, while control tumors (GFAP null) 

show no evidence of confluent necrosis. Scale bar in high-magnification images is 100 μm.
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