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Abstract

Myeloid-derived suppressor cells (MDSCs) accumulate in the glioma microenvironment during

tumor progression and promote immunosuppression. Interleukin-12 (IL-12) immunogene therapy

can alter MDSCs toward an antigen-presenting cell phenotype and these mature cells can have a

central role in antigen presentation. It remains unclear, however, how MDSC depletion can affect

glioma immunotherapy. In this study, we generated a replication-deficient adenoviral vector, Ad.

5/3.cRGD-mIL12p70, that transduces the GL261-based murine glioma cell line, resulting in the

induction of biologically active, murine IL12p70 expression. Ex vivo, IL-12 expressed by GL261

cells induced interferon-γ synthesis in CD8 +T cells (P<0.001), CD4 +T cells (P =0.009) and

natural killer cells (P =0.036). When injected 1 week after tumor implantation, Ad.5/3.cRGD-

mIL12p70 successfully prolonged the survival of glioma-bearing mice. Sixty percent of animals

treated with IL-12 immunotherapy were long-term survivors over 175 days, whereas all the

control group animals expired by 40 days after tumor implantation (P =0.026). Mice receiving Ad.

5/3.cRGD-mIL12p70 also accumulated 50% less MDSCs in the brain than the control group (P

=0.007). Moreover, in the IL-12 group, MDSCs significantly overexpressed CD80 and major

histocompatibility complex class II molecules (P =0.041). Depletion of MDSCs with

Gr1 +antibody had no survival benefit induced by IL-12-mediated immunotherapy. Of note, IL-12

therapy increased the presence of myeloid dendritic cells (mDCs) in the glioma microenvironment

(P =0.0069). Ultimately, the data show that in the context of IL-12 immunogene therapy, MDSCs

are dispensable and mDCs may provide the majority of antigen presentation in the brain.
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INTRODUCTION

Glioblastoma multiforme (GBM) is the most common brain tumor and is associated with the

worst prognosis.1 Even under the most aggressive treatment regimens, GBM recurs with a

median patient survival of 14.6 months.2,3 A major impediment to successful targeting of

GBM is the highly immunosuppressive microenvironment. Therefore, overcoming the

immune suppression and generating an effective immune response against GBM has been a

long-standing goal in the field of immunotherapy. This approach relies on re-engineering the

properties of the immune system from that which is tolerant to—or promoting of—GBM

progression to one that induces cytotoxic T-cell-mediated GBM cell clearance.4–6 Most of

the data we have in glioma immunotherapy has been generated in rodent models. Mouse

GL261 orthotopic glioma is one of the best-studied models in immunotherapy because it is a

reliable, reproducible model in immunocompetent C57/Bl6 mice.7 The GL261

microenvironment, similar to human GBM, contains cells with immunosuppressive

potential, such as regulatory T cells and myeloid-derived suppressor cells (MDSCs).8,9 The

role of regulatory T cells (CD4 +CD25 +FoxP3 +) in GBM has been studied extensively in

glioma and their depletion is well known to improve survival across a variety of murine

glioma models.10 On the other hand, the role of MDSCs in glioma, especially during

immunotherapy, is an area of active research. Recently, it has been shown that MDSC

depletion prolongs mouse survival,11 while blocking chemotactic CCL2 signaling in GL261

reduces recruitment of MDSCs and tissue-associated macrophages.12 Nevertheless, we

know little about the interplay between MDSCs and other immune cells or immunotherapies

in the context of the glioma environment. Therefore, a better characterization of the role

MDSCs have in well-defined immunotherapeutic approaches, such as interleukin-12 (IL-12)

gene therapy, is required before targeting these cells. Successful depletion of MDSCs in

cancer models by using a monoclonal antibody to Gr1 +has increased survival of animals but

not always.11,12 In fact, depleting these subsets in certain contexts has the opposite desired

effect. Previous work has demonstrated that the depletion of MDSCs during IL-12-mediated

immunotherapy in models of cancer outside of the central nervous system results in the

dissipation of its benefits.13,14 To date, it remains to be determined how IL-12-mediated

immunotherapy can be combined with strategies that target MDSCs in glioma.

IL-12 is a well-defined cytokine associated with cancer immunotherapy, including GBM.

The efficacy of IL-12 therapy has been attributed to its propensity to induce lymphocyte

proliferation, a Th1 cytotoxic phenotype, and to enhance interferon-γ (IFN-γ)

secretion.15,16 However, recent work has shown that, in non-central nervous system cancers,

the ability of IL-12 to induce an effective antitumor immune response requires the alteration

of MDSC programming toward a phenotype associated with antigen presentation.13,14 In a

mouse model of gastrointestinal cancer, Medina-Echeverez et al.13 showed that the

depletion of intratumoral MDSCs inhibited the survival benefit associated with IL-12-
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mediated gene therapy. However, whether this unexpected effect is generalizable to other

tumors, such as GBM, remains to be tested.

Here, we studied the effects of IL-12 gene therapy in the antitumor immune response in the

GL261 orthotopic glioma model. We focused our investigation on the immunosuppressive

MDSCs and the antigen-presenting cells: myeloid (mDCs) and plasmacytoid (pDCs)

dendritic cells. In addition, we tested the hypothesis that MDSCs are required for the

survival benefit during IL-12-mediated immunotherapy in an orthotopic glioma model. We

show that our IL-12-expressing replication-incompetent adenoviral vector simultaneously

induces a cytotoxic immune response while decreasing the number of MDSCs in the brain

and altering their phenotype. When IL-12 is delivered in the GL261 orthotopic glioma, it

prolongs survival irrespective of whether MDSCs are depleted or not. Finally, we show that

IL-12 therapy increases the presence of mDCs in the tumor and these cells can provide the

antigen presentation required for effective antiglioma immune responses.

MATERIALS AND METHODS

Cell lines and adenoviral vectors

The mouse glioma cell line GL261 was received from the NCI (National Cancer Institute,

Frederick, MD, USA) and grown in Dulbecco’s modified Eagle’s medium (from Cellgro,

Mediatech, Manassas, VA, USA) with 10% fetal bovine serum (Atlanta Biologicals,

Lawerenceville, GA, USA), 100 μg ml−1 penicillin and 100 μg ml −1 streptomycin (Cellgro).

The OVA surface antigen cDNA was obtained from Origene (Rockville, MD, USA). The

GL261-OVA cell line, generated based on the protocol provided by Origene, was kept in

puromycin-containing media. Mouse neural stem cells (SCR029) were purchased from

Millipore (Billerica, MA, USA) and grown in their recommended media (SCM003). Mouse

mesenchymal stem cells were isolated from the bone marrow of 5–7 weeks old mice, as

described elsewhere.17 All cells were grown in a humidified atmosphere, with 5% CO2 and

37 °C conditions. Cells were subcultured using 1 ml per 106 cells of a 0.25% trypsin/2.21

mmol l −1 ethylenediaminetetraacetic acid solution (Cellgro). Trypsin activity was quenched

using the appropriate media for each cell type, then washed at 300 relative centrifugal forces

and finally plated at the indicated densities.

The replication-deficient adenoviral vector Ad.5/3.cRGD-mIL12p70.GFP construct is shown

in Supplementary Figure S1A. First, the polymerase chain reaction (PCR) fragment flanked

with BglII–NheI sites and coding the full open reading frame of mouse IL gene, porf-mIL12

from Invivogen (San Diego, CA, USA), was cloned into adenoviral pShuttle-IRES-hrGFP-2

vector (Stratagene, Santa Clara, CA, USA). After sequence validation, the selected clone

was recombined with pAdEasy-based backbone containing the 5/3-cRGD modification in

the fiber region.18 The resulting vector, mIL12GFP-5/ 3cRGD or GFP-5/3cRGD, plasmids

were then used to rescue replication-deficient adenoviruses, Ad.5/3.cRGD-mIL12p70.GFP

(Ad.mIL12) and Ad.5/ 3.cRGD-GFP (Ad.GFP), respectively, using a standard protocol

(Stratagene).
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ELISA for IL-12

The supernatant of previously in vitro Ad.mIL12-infected cells was analyzed for the

presence of IL12p70 content. We relied on the Ebioscience enzyme-linked immunosorbent

assay (ELISA) kit for IL12p70 quantification. Samples were read in a Microplate Reader

(ELx800, BioTek Instruments, Winooski, VT, USA) as described in the instruction sheet. As

a control, we used non-infected and Ad.GFP-infected cells.

Antibodies and reagents

The antibodies anti-mouse CD3-APC (clone 17A2), CD4-PE (clone GK1.5), CD8-Pacific

Blue (clone 53-6.7), NK1.1 (clone PK136), CD11b-PE (clone M1/70), Gr1-Pacific Blue and

Biotin (clone RB6-8C5), PDCA1-PE Cy7 (clone eBio927), major histocompatibility

complex class II (MHCII)-PE Cy7 (clone M5/114.15.2), CD45-Pacific Blue (clone 30-F11),

anti-IFNγ-PerCP Cy7 and immunoglobulin controls were purchased from Ebioscience (San

Diego, CA, USA). CD11c was purchased from BioLegend (San Diego, CA, USA), CD28

and CD49d from BD Biosciences (San Jose, CA, USA) and CD80-PerCP Cy 5.5 was

obtained from Invitrogen (Grand Island, NY, USA).

Leukocyte activation cocktail, containing phorbol myristate acetate, ionomycin and Golgi-

Plug, was purchased from BD Biosciences. OVA peptide (323–339; RP10610) was

purchased from GenScript (Piscataway, NJ, USA).

Depletion of circulating MDSCs

The depletion of circulating Gr1+was based on previously published protocols.19 The

depleting antibody to Gr1+, clone RB6-8C5, was purchased from Ebioscience. The antibody

(0.25 mg dose) was delivered systemically by intraperitoneal injection, two times weekly for

a total of four injections.11 The control group received intraperitoneal injection of purified

rat immunoglobulins (Jackson Immunoresearch, West Grove, PA, USA).

Flow cytometry

Brain, cervical (draining) lymph node and spleen cell suspensions were prepared by passing

the tissue through 70 nm cell strainers. Red blood cells were removed by treatment with

ACK (Ammonium-Chloride-Potassium) Lysis Buffer (Lonza, Walkersville, MD, USA) for

4 min at 4 °C. Inflammatory cells were isolated via a Percoll gradient, as described below.

The mononuclear cell layer and cells from lymph nodes and spleen were suspended in 1%

fetal bovine serum in phosphate-buffered saline (PBS) and then counted using a tabletop cell

counter TC20 (Bio-Rad, Hercules, CA, USA). When indicated, cells were incubated with

phorbol myristate acetate (50 ng ml −1) and ionomycin (500 ng ml −1) for 4 h in the presence

of Golgi-Plug (1 μl ml−1). Surface staining was performed while keeping cells on ice for 30

min. For intracellular detection of IFNγ, the cells were permeabilized, fixed and stained on

ice using the Cytofix/Cytoperm buffer (BD Biosciences) according to the manufacturer’s

instructions. Data were acquired and analyzed in BD FACSCanto with CellQuest (Becton

Dickinson, San Jose, CA, USA) and FlowJo (TreeStar, Ashland, OR, USA) software.

Experiments were performed two times independently, in triplicate.
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Isolation of mononuclear cells from the animals’ brain

Animals were sacrificed according to the recommendations of The University of Chicago

Institutional Animal Care and Use Committee. Mouse brain tissue was passed through a cell

strainer with 70 μm pores. After treatment with ACK buffer for 5 min, peripheral blood

mononuclear cells underwent a standard Percoll gradient isolation protocol.

Quantitative RT-PCR for transcription levels in MDSCs

Cell suspensions of mouse brains containing GL261 gliomas injected with Ad.mIL12 or

Ad.GFP were prepared as described above. MDSCs (CD11b +Gr1+CD45+) were isolated by

cell sorting using BD FACSAria. As MDSCs comprise only 0.5–1% of the peripheral blood

mononuclear cell layer collected from the Percoll gradient of brain tissues, sorting has a

poor yield. Therefore, four animals were pooled so that one sample could get at least 1 × 104

cells needed for RNA analysis. Total cellular RNA was isolated using an RNeasy Micro kit

(Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol and purified mRNA

was reverse transcribed to complementary DNA using the iScript cDNA conversion kit

(Bio-Rad). Primer sequence for arginase-1 and inducible nitric oxide synthase was coded

from the available literature.20 Quantitative PCR was conducted using the SYBR Green

quantitative PCR kit (Invitrogen) for all experiments. Optimization of annealing

temperatures for each transcript was first conducted. Each transcript of interest was

amplified in triplicate at its proper annealing temperature and products were analyzed using

the Opticon 2 software (Bio-Rad). Relative expression was evaluated using the ΔCT method

(ΔCT = CT gene of interest − CT GAPDH).

Animal experiments

Animals were cared for according to a study-specific animal protocol approved by The

University of Chicago Institutional Animal Care and Use Committee. Seven- to eight-week-

old C57/Bl6 male mice (Jackson Laboratories, Bar Harbor, ME, USA) were injected

intracranially with GL261 mouse glioma cells to establish orthotopic tumors. In brief, mice

were anesthetized with an intraperitoneal injection of a cocktail containing ketamine

hydrochloride (25 mg ml−1)/xylazine (2.5 mg ml−1). For intracranial injection, a midline

incision was made, and a 1-mm burr hole centered 2 mm posterior to the coronal suture and

2 mm lateral to the sagittal suture was made. Animals were placed in a stereotactic frame

and 2 × 105 GL261 cells, diluted in 2.5 μl of PBS, were injected via a 26-G Hamilton

needle, 3 mm deep into the brain. After 7 days, animals were injected intracranially, in the

same location, with PBS, Ad.GFP or Ad.mIL12. Depletion of MDSCs was achieved as

described above. Animals were sacrificed at the indicated time points. The long-term

survivors were rechallenged with intracranial implantation of glioma cells. All mice brains

that did not develop signs of disease were examined for the presence of tumors.

Statistical analysis

Unpaired Student’s t-test was used to determine the statistical significance of the difference

between means of two groups. One-way analysis of variance was used to compare means

among three or more independent groups. A P-value of <0.05 was considered statistically
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significant. Statistical analysis was performed using SigmaPlot version 12.2 from Systat

Software (San Jose, CA, USA).

RESULTS

Adenoviral vector Ad.5/3.cRGD-mIL12p70 induces secretion of active IL-12 from glioma
cells

The first step in adenoviral transduction is attachment of the viral fiber to the coxsackie-

adenovirus receptor on the surface of target cells. Mouse glioma cells lack coxsackie-

adenovirus receptor but express high levels of integrin αVβ3.21 Thus, we used an adenoviral

construct with 5/3.cRGD fiber modification (Supplementary Figure S1A) that would provide

enhanced transduction efficiency in murine cells.

We first assessed the ex vivo efficacy of the adenoviral construct to induce secretion of

mIL-12p70 in mouse GL261 glioma cells, mesenchymal stem cells and neural stem cells.

All cells were infected with increasing concentrations of adenoviral infectious units (IU) and

the supernatant was analyzed for IL-12 secretion at 72 h. Glioma cells secreted IL-12 after

infection with as low as 10 IU per cell (Figure 1a). In contrast, both mesenchymal and

neural stem cells required a minimum of 100 IU for producing an equivalent amount of

IL-12 (Supplementary Figures S1B and C). Moreover, infection of glioma cells with the

adenovirus induced secretion of mIL-12p70 for at least 1 week (Figure 1b).

Next, we evaluated the functionality of the mIL-12p70 secreted from glioma cells by

quantifying the IFN-γ secretion induced by splenocytes, ex vivo. Splenocytes were

incubated with the supernatant from Ad.mIL12- or control Ad.GFP-transduced GL261 cells.

We found that the supernatant of Ad.mIL12-infected cells induced IFN-γ in all effector cells

analyzed, including CD8 +T cells (P<0.001), CD4 +T cells (P =0.009) and natural killer

(NK) cells (P =0.036) (Figures 1c–e, respectively). The amount of effector immune cells

producing IFN-γ more than doubled after incubation with media from the mIL-12p70-

infected glioma cells. Collectively, these data support the hypothesis that our GL261 cells

transduced with the Ad.mIL12 adenoviral construct were able to produce biologically active

IL-12.

Intracranial injection of Ad.5/3.cRGD-mIL12p70 prolongs mouse survival and reduces the
infiltration of MDSCs in a mouse model of glioma

To test the in vivo efficacy of IL-12-mediated immunotherapy, we established intracranial

GL261 gliomas, and a week later, injected intratumorally PBS, Ad.GFP vector control or

Ad.mIL12. Mice that received intracranial PBS or Ad.GFP had a median survival of 31 and

33 days, respectively; with all animals expiring within 40 days of glioma establishment. In

contrast, 60% of the mice that received Ad.mIL12 were long-term survivors of >175 days

(Figure 2a; *P =0.026). After demonstrating the efficacy of the IL-12 immunogene therapy

in prolonging survival of mice bearing orthotopic gliomas, we focused on the effects of how

this expression would affect MDSCs. In the control-treated group, greater number of

MDSCs were recruited to the tumor site by day 10 compared with day 3 (Figure 2b; *P

=0.0004). However, by day 10 after immunotherapy, Ad.mIL12 treatment significantly
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decreased the recruitment of MDSCs compared with the control group. The percent of

MDSCs in the IL-12-treated group was <50% of the vector control group (Figure 2b; *P

=0.007).

Induced IL-12 expression in murine brain tumors had multiple effects on MDSCs, including

the alteration of their phenotype. Both MHCII and CD80 expression was increased in

MDSCs after Ad.mIL12 injection (Figure 2c; P =0.0414). Interestingly, mRNA levels for

arginase-1 (Figure 2d; *P =0.0315) and inducible nitric oxide synthase (Figure 2e; *P

=0.006), enzymes associated with promoting immunosuppressive function, were decreased

by 50% after administration of IL-12 gene therapy. Collectively, these data suggest that

IL-12 expression by glioma cells simultaneously decreases the recruitment of MDSCs and

transcriptional programming that governs immunosuppressive functions.

The role of MDSCs as antigen-presenting cells is dispensable in a mouse model of glioma

Given the previous observations demonstrating a difference in MDSC phenotype after IL-12

gene therapy, we sought to determine whether these alterations were significant enough to

affect the in vivo induced immune response. For this, we depleted MDSCs by intraperitoneal

injection of Gr1 monoclonal antibody based on previously established protocols and tested

whether depletion of MDSC affects the survival benefit provided by IL-12-mediated

immunotherapy. Intratumoral injection of Ad.mIL12 resulted in more than 60% of long-term

survivors, irrespective of systemic MDSC depletion (Figure 3a; P>0.05). To assess whether

this survival effect was associated with immunological memory, the long-term survivors

were rechallenged with GL261-OVA at 80 days after initial tumor establishment. All

animals that were rechallenged survived without showing signs of disease for another 80

days (Table 1). Immunological response among animals that received Ad.mIL12 in the

presence or absence of MDSC depletion was also assessed by flow cytometry. The

recruitment of CD8 T cells (Figure 3bi; 9.17±1.14 vs 9.32±2.49) and induction of IFN-γ in

these cells (Figure 3bii; 0.16±0.16 vs 0.19±0.09) was similar in both groups (P>0.05).

Collectively, the data suggest that depletion of circulating MDSCs has no effect on inducing

or maintaining immunological memory through IL-12-mediated immunotherapy.

Myeloid DCs provide the majority of antigen presentation during IL-12 immunotherapy

Depletion of MDSCs did not inhibit the benefits of Ad.mIL12-mediated immunotherapy in

the GL261-based murine glioma model. To better understand the role of MDSCs in acting as

antigen-presenting-like cells, we quantified the presence of DCs in the glioma

microenvironment. We found that in control-treated animals, MDSCs and mDCs were

present in similar numbers (4292±788 and 4483±440, respectively), whereas pDCs were

four times less frequent (1003±550 per animal) (Figure 4a). Following Ad.mIL12

immunotherapy, the level of MDSCs was decreased by 50% (*P =0.007), whereas the

number of mDCs doubled (Figures 4a and bi; *P =0.0069), resulting in fourfold more mDCs

than MDSCs in the glioma microenvironment. In contrast, pDC frequency decreased after

IL-12 gene therapy (Figure 4ci; *P =0.045). Furthermore, IL-12-mediated immunotherapy

induced the upregulation of MHCII expression by DCs. However, this was only statistically

significant in pDCs (Figure 4cii; *P =0.0068). Notably, the expression of MHCII in mDCs

was high even in control animals that were injected Ad.GFP and did not change during
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IL-12 immunotherapy (72.8±0.9% vs 77.1±8.4%, respectively; P>0.05). Ultimately, the data

suggest that mDCs are present in higher numbers in IL-12-treated tumors, constitutively

express high levels of MHCII expression and have an important role in antigen presentation

in IL-12 immunotherapy.

DISCUSSION

Gene delivery-based immunotherapy for the treatment of solid tumors, including glioma,

remains one of the most extensively studied preclinical approaches.4 The immune

environment and its responses rely on a continuous equilibrium between the

immunostimulatory and immunosuppressive arms.

The role of MDSCs in glioma is an area of active research. Preclinical studies have shown

that MDSCs contribute to glioma progression and rely on chemotactic stimuli for

recruitment into the GL261 glioma microenvironment.11,12 Considering the diversity among

tumor models and methods used in immunotherapy, we chose GL261 model as it offers

several advantages: (1) cells can be passaged in vitro while retaining their tumor establishing

potential; (2) they do not induce an immune response when injected in the murine brain; (3)

they generate tumors and therefore die within a shorter time as compared with genetic

models. These characteristics have made GL261 widely used for immunotherapy including

IL-12-based gene therapy.22 It is well known that IL-12 immunotherapy prolongs survival in

this model by inducing cytotoxic immune responses. However, there are no studies

evaluating the effects of such a therapy in specific groups of cells such as MDSCs. It has

been proposed in other types of cancer that IL-12 converts MDSCs into antigen presenting -

like cells and requires this new subset to prolong survival.13,14 To explore whether the same

happens in glioma, we generated a replication-deficient adenoviral vector encoding

mIL12p70 with tropism for mouse glioma cells (Supplementary Figure S1A). After

determining that this vector prolongs survival of mice with glioma, we focused on whether

MDSC depletion inhibits this effect. Overall, we found that IL-12 immunotherapy does not

rely on MDSCs to achieve a survival benefit in the GL261 orthotopic glioma model.

First, we characterized the gene therapy vector engineered to induce in situ production of

IL-12. The replication-deficient adenoviral vector (Supplementary Figure S1A) was

engineered based on a modified 5/3.cRGD adenoviral backbone for better transduction of

mouse glioma cells. The secreted mIL12p70 was quantified via an ELISA in the supernatant

of infected GL261 glioma cells. We found that as low as 10 IU of Ad.mIL12 were enough to

produce detectable levels of mIL12p70 in GL261 supernatant (Figure 1a). Greater virus

concentration during infection produced even higher levels of cytokine production. The

level of cytokine production peaked on day 3 after infection and remained at a maximum for

a week, until plated cells overgrew and detached. On the other hand, when the same loading

protocol was used for stem cells, we were able to detect mIL12p70 only at infections with

1000 IU per cell, which is 100 times higher than for GL261 (Figure 1a and Supplementary

Figures S1B and C). Also, the levels produced by stem cells did not reach the quantity

generated by glioma cells. These comparative findings are important because intratumoral

production of IL-12 can be achieved by different approaches. We could either inject the

virus directly in the brain tumor or infect stem cells with known tumor tropic potential ex
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vivo and then deliver them intracranially.22–24 Both approaches have their advantages and

pitfalls. Direct virus delivery into the tumor with needle injection is limited by the

distribution of the virus within tumor tissue, which is mostly localized along the needle

tract.25 Instead, delivery via neural or mesenchymal stem cells suffers from poor

engraftment rates following systemic delivery. In our study, considering the very low

efficacy of our construct to produce mIL12p70 in stem cells, we decided to infect glioma

cells directly through intratumoral injection for in vivo studies.

Before advancing to in vivo studies, we evaluated the functionality of our IL-12 construct in

vitro (Figures 1c–e). Supernatants from GL261 glioma cells infected with Ad.mIL12 or

Ad.GFP vector control were used as conditioned media to incubate mouse splenocytes. We

found that the supernatant of GL261 infected with Ad.mIL12 induced higher levels of IFNγ
expression in cytotoxic cells as compared with the control Ad.GFP.

Intracranial delivery of our IL-12-expressing vector, Ad.mIL12, prolonged the survival of

animals bearing orthotopic glioma. Injection at 1 week after GL261 implantation resulted in

three out of five animals surviving after immunotherapy (Figure 2a). The benefits of IL-12

immunotherapy have been shown to depend on the time of injection after the tumor

establishment. Early expression of IL-12 may preclude tumor establishment completely;

instead, IL-12 immunotherapy benefits are limited or even dissipated in big size tumors.26

Therefore, intracranial injection at 1 week after tumor establishment provided the window to

test for increase or dissipation of benefits in combined therapy with depletion of MDSCs.

The lineage-negative Lin −CD11b +Gr1 +MDSCs act mainly through induction of

immunosuppressive pathways via generation of reactive oxygen species, or expression of

arginase-1. Intracranial injection of Ad.mIL12 reduced MDSCs’ presence in glioma by half

and altered their phenotype: increased MHCII/CD80 expression and reduced arginase-1 and

inducible nitric oxide synthase transcription. This is a novel finding in glioma that

recapitulates similar observations in tumor models outside the central nervous system.27 In

solid tumors IL-12 not only reduces the recruitment of MDSCs but also alters their

phenotype. MDSCs treated with IL-12 immunotherapy lose their immunosuppressive

potential and show signs of maturation, with increased expression of MHCII molecules,

suggesting that these cells may have a role in antigen presentation.13,27 Medina-Echeverz et

al.13 proposed that these altered MDSCs have a very important role in the IL-12-generated

immune response. Most importantly, they found that intratumoral MDSC depletion

precluded the benefits of immunotherapy. These findings are a new trend in the approach

toward MDSCs, which until recently has focused on a search for therapies to eradicate such

cells.28 If immunotherapies were to rely on MDSCs, it would be detrimental to deplete

them. Henceforth, we evaluated how depletion of MDSCs via Gr1 +antibody would affect

IL-12 therapy in the GL261 orthotopic intracranial glioma model.

MDSCs were depleted through intraperitoneal injection of anti-Gr1+antibody based on a

previously published protocol.19 We found that depletion of MDSCs did not alter the

survival benefit of IL-12 immunotherapy. Both groups receiving intracranial Ad.mIL12,

with or without MDSC depletion, had more than 60% long-term survivors (Figure 3a) and

showed similar recruitment of cytotoxic CD8 T cells (Figure 3bi).
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In addition, when the long-term survivors were rechallenged with GL261-OVA, all animals

survived (Table 1). Therefore, our study, in contrast with findings in the gastric cancer

model, shows that MDSCs are dispensable for the full benefits of IL-12 immunotherapy.

However, there are some differences that need to be discussed. First, is the methodological

difference in depleting MDSCs While we depleted MDSCs by intraperitoneal injection of

Gr1 monoclonal antibody, Medina-Echeverz et al.13 injected the same antibody directly into

the tumor.13 Second, we relied on an orthotopic glioma model, and it is well known that the

brain remains an immune privileged location due to the blood–brain barrier. Instead, the

dorsal chamber location of the gastric cancer model offers no barriers to circulating cells and

mature MDSCs may have a more important role as antigen-presenting cells in such models.

The major antigen-presenting cells in glioma are tumor-associated macrophages, mDCs and

pDCs.29 Their antigen presentation properties have been explored as potential immuno-

therapies in various tumors, including glioma. The IL-12 immunotherapy has already been

shown to increase tumor-associated macrophages and their activation.30 To understand the

potential contribution of mDCs, pDCs and MDSCs in glioma antigen presentation, we

evaluated their presence before and after IL-12 immunotherapy. We found that after IL-12

immunotherapy MDSCs are reduced in half (Figures 2b and 4a), pDCs reduced fourfold

(Figure 4ci), while mDCs more than doubled (Figure 4a and bi). At the same time, the

effects of Ad.mIL12 on MHCII upregulation were noticed across all the three groups

analyzed. Whether mDCs have the major antigen presentation role in glioma, it remains to

be studied in the future. It is well established that mDCs increase 100-fold during

gliomagenesis, but how immunotherapies affect antigen-presenting cells remains

understudied.29 However, improving antigen presentation in glioma immunotherapy would

provide at least an additive benefit to current approaches.31

In conclusion, our study shows that IL-12 gene-based therapy remains a good model to

study the immune response during glioma eradication. We show that Ad.mIL12

immunotherapy reduces the presence of MDSCs and alters their phenotype in an orthotopic

mouse glioma model. Furthermore, we demonstrate that depletion of MDSCs does not have

any detrimental effect on IL-12 immunotherapy. This allows for combination of IL-12

immunotherapy with MDSC-depleting drugs. At the same time, we reveal that IL-12

immunotherapy increases recruitment of mDCs that may have a major role in glioma antigen

presentation. Finally, this study emphasizes one more time the immunological uniqueness of

the central nervous system and the potential pitfalls we face when generalizing systemic

findings to brain tumors.
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Figure 1.
In vitro characterization of the gene therapy vector Ad5/3.cRGD.mIL-12 to secrete

functional interleukin-12 (IL-12). (a) Enzyme-linked immunosorbent assay (ELISA) was

performed to detect secreted interleukin levels from mouse glioma cells. mIL12p70 levels

were dependent on the initial quantity of the viral infectious units present in the

environment/media. (b) Assessment of the time interval that murine glioma cells are capable

of secreting mIL12p70 was performed via an ELISA. (c–e) Functionality assessment of the

secreted IL-12 from glioma cells. Supernatant from adenovirus-infected glioma cells was

used to incubate splenocytes for 72 h. Induction of interferon-γ (IFN-γ) in CD8 (c), CD4

(d) and natural killer (NK) (e) cells was assessed by flow cytometry after blocking cytokine

secretion with Golgi-Plug for 4 h. As a positive control, we used recombinant mouse

IL12p70 (rmIL12p70). ND, none detected; *P<0.05.
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Figure 2.
The survival benefit of Ad.mIL12 gene therapy is associated with alterations in the myeloid-

derived suppressor cell (MDSC) population. (a) Intratumoral delivery of Ad.mIL12 1 week

after GL261 mouse glioma establishment results in tumor clearance and long-term

survivors. (b) Flow cytometry shows that interleukin-12 (IL-12) immunotherapy reduces

MDSCs’ presence in the brains of glioma-bearing mice (representative flow plot depicted

below the graph). (c–e) Phenotypic changes of MDSCs after IL-12 immunotherapy. (c)

Flow cytometry detects increased expression of antigen-presenting and costimulatory

molecules such as major histocompatibiltiy complex (MHC) class II and CD80

(representative flow plot depicted below the graph). Quantitative reverse transcription-

polymerase chain reaction (RT-PCR) shows reduction of mRNA transcripts for

immunosuppressive factors, such as arginase-1 (d) and inducible nitric oxide synthase
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(iNOS) (e). mRNA transcription was expressed as the percent of control-treated group.

*P<0.05.
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Figure 3.
Depletion of myeloid-derived suppressor cells (MDSCs) by systemic delivery of Gr1

antibody does not alter the effects of intracranial interleukin-12 (IL-12) immunotherapy. (a)

MDSC depletion does not affect the survival of animals treated with IL-12 gene therapy.

One week after establishing GL261-OVA tumors, mice were injected intracranially with

phosphate-buffered saline (PBS), Ad.GFP or Ad.mIL12 with or without MDSC depletion.

(b) The effect of Gr1-Ab depletion on induction of CD8 T-cell recruitment in the brain (i)

and quantification of immune memory response to OVA in intracranial CD8 T cells (ii).

Immune cells from animals bearing orthotopic GL261-OVA glioma and treated with IL-12

in the presence or absence of MDSC depletion were segregated from whole brain
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homogenate via a Percoll gradient and stimulated as shown in the figure with either control

(Sc peptide) or OVA peptide in the presence of costimulatory signals from CD28/CD49b

antibodies. Interferon-γ (IFN-γ) induction was quantified by flow cytometry. ND, none

detected; NS, nonsignificant difference; *P<0.05.
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Figure 4.
Myeloid dendritic cells (mDCs) infiltrate glioma at greater numbers after interleukin-12

(IL-12) immunotherapy. (a) Quantification of DC numbers in comparison with myeloid-

derived suppressor cells (MDSCs) was carried out by flow cytometry and cell counting. (b)

Ad.mIL12 increases the intracranial presence of mDCs (i) without altering their major

histocompatibility complex (MHC) class II expression (ii); representative flow plot depicted

below the graph). (c) Ad.mIL12 decreases the presence of pDCs (i) while increasing their

MHC class II expression (ii; representative flow plot depicted below the graph). NS,

nonsignificant difference; *P<0.05.
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Table 1

Mice survival after rechallenge with GL261-OVA

Groups Animals rechallenged with GL261-OVA Animals surviving at 80 days after rechallenge

Ad.GFP 2 2/2

Ad.mIL12 4 4/4

Ad.mIL12+GR1 5 5/5
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